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ABSTRACT 


Several radiohalogenated nucleosides and pyrimidine bases were 
synthesized and evaluated as potential radiopharmaceuticals for 
non-invasive tumor diagnosis. 2'-[*°®F]-Fluoro-2'-deoxyuridine (2'- 
[7°F]-FUdR), 2'-[°*"c1]-chloro-2'-deoxyuridine (2'-[?*"c1]-clUdR) and 
2'-[*?31]-iodo-2'-deoxyuridine (2'-[?7°%I]-IUdR) were synthesized via 
reaction of the appropriate radiohalide with 2,2'-cyclouridine in acidic 
media. 6-[**°1]-Iodouracil and 6-[°°C1]-chlorouracil were prepared via 
non-isotopic halide exchange reactions with 6-chlorouracil and 6-iodo- 
uracil respectively. 

Methods for the recovery of *®F and °*"C] from the production 
targets, in a chemical form compatible with the proposed labelling 
techniques, were investigated. The production of anhydrous hydrogen 
fluoride-18 via the *°0(3He,n)*®Ne8*2°F, ?°Ne(d,a)?9F, SLi(n,t)a- 
16Q(t,n)*°F nuclear reactions were evaluated. The highest recovery 
(69.3%) of *®F was obtained when the ?°Ne(d,a)*°F nuclear reaction was 
used and the irradiated target was purged with a mixture of anhydrous 
hydrogen fluoride in neon. The utility of **"C1 produced via the 
=>E1(p.en)?7™C1, 2 *S(d.2n)? “MGivand °?S(osn)? "Cl nuclearsreactions 
was examined. The ?*S(p,n)?*"c1 reaction, with hydrogen sulfide as 
the target gas, afforded the best compromise between absolute yield 
(13.0 MBq pA7*h-?) and specific activity (from 300 MBq mmol7? to 
no-carrier-added) of °*"c1, 

The in vivo tissue distribution of each radiohalogenated nucleo- 
Side or nucleobase was evaluated in a murine tumor model to determine 


its' potential for use in non-invasive tumor imaging. The tissue 
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distribution of 6-[*?°I]-iodouracil, 2'-[*??I]-IUdR and 6-[3H]-2'-FUdR 
were studied in a Walker 256 carcinosarcoma model in male Wistar rats. 
The tissue distribution of 2'-C1UdR was determined with 2'-[?°C1]-2'- 
C1UdR in a Lewis Lung carcinoma model in male BDF, mice. The analogues 
tested showed low absolute uptake of radioactivity by the tumor (maximum 
tumor uptake of 6-[17°I]-iodouracil =1.58, 2'-[+??IJ-IUdR =0.55, 
6-[3H]-2'-FUdR = 0.41 and 2'-[°°C1]-ClUdR=2.42 % of the injected 
radioactivity dose) and persistently high blood levels of radioactivity 
(6-[7*31]-iodouracil =5.52, 2'-[**°I]-IUdR=2.78, 6-[2H]-2'-FUdR = 4.29 
and 2'-[°°C1]-ClUdR=0.72 % of injected radioactive dose 2 h after 
injection). These two factors did not provide a sufficient concentra- 
tion gradient between the tumor and surrounding tissue suitable for 
satisfactory gamma camera imaging procedures with these new radio- ™ 


labelled analogues. 
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Two aspects of cancer treatment are of particular interest to 
radiopharmacy and nuclear medicine. These are early detection of the 
disease and evaluation of the subsequent response to treatment. Clinically, 
the degree of tumor regression is the parameter most often used to 
evaluate a therapeutic modality. However the methods currently in use 
are subject to error and are not applicable to a wide population of 
tumors?. For example, the rate of cell loss from a tumor is not always 
proportional to the number of cells killed and may be characteristic of 
each individual tumor?. Therefore tumor volume regression is not a 
very sensitive indicator in many tumor systems. A method more 
applicable to the clinical setting would allow quantitation of the 
proliferative potential of a tumor mass with non-invasive techniques. 
The possibility of localizing primary or metastatic tumors and assessing, 
non-invasively, changes in the proliferative states of malignant 
tissues with radionuclide tracers (tumor diagnostic agents) would be 
very useful clinically*>*. 

Radioisotope techniques are often the methods of choice for 
examining patients with suspected tumors. The techniques are non- 
invasive, atraumatic, give little radiation hazard in relation to the 
nature of the disease and yield results with an accuracy comparable to 
other more expensive or more complicated tests°. However most of the 
tumor imaging agents studied have been discovered empirically and are 
non-specific. For example, radioactive gallium, which was first 
introduced as a bone scanning agent, is widely used clinically as a 
general tumor imaging agent but is known to accumulate in abscesses 
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A more rational approach to the development of tumor diagnostic 
agents has been based on the knowledge that exogenously supplied 
nucleosides are incorporated into cellular DNA and RNA via the salvage 
pathway*>*>° in a manner proportional to the number of dividing cells. 
Thus thymidine, labelled with !1!¢ 9°19, has been studied 
as a potential radiopharmaceutical for the determination of DNA 
synthesis in intact organisms. The short half-life of 7*C limits the 
usefulness of this radiotracer to medical centers which have close 
access to a cyclotron. A second disadvantage of **C-labelled thymidine 
is the observation that it is rapidly catabolized and the 11C labelled 
catabolites are reutilized to label sites other than DNA, such as lipids 
and proteins*>+°. The thymidine analogue, 5-iodo-2'-deoxyuridine (5- 
IUdR)?* has been investigated as an alternative to *!C-labelled 
thymidine since it is not subject to the same limitations?. The 
authors concluded that measurement of the total uptake of 5-IUdR by 
a tumor before and after treatment should give an indication of the 
tumor response to the therapy. 

The rapid loss of radioiodide, low tumor specificity and the 
length of time required to evaluate tumor therapy using radiolabelled 
5-IUdR stimulated the study of alternative halogenated nucleosides. 
Thus, the feasibility of using ?°F-labelled 5-fluoro-analogues of 
uracil?*2+3, uridine’ and 2'-deoxyuridine?*??° to provide an index of 
the proliferative potential (fraction of cells in a tumor capable of 
repopulating the tumor) of tumor tissue was investigated. The 
rationale for using the fluorinated analogues is different than that 


for 5-IUdR. The 5-fluoro-analogues are known to be metabolically 


SPescMAr WAS SeowdAS euotwnn ‘ 


be hy aes? 2g BOAO ONS 


Ree he SN ATV au wt ‘me MCG 
of Taam onal PARE) too tad ach ge ee te vn be fun 
hota "Wit oar a ist pI \artater, _ ; 

hid oe NOT Panrertistoo: SAF NEE i avin guoeligtipaes (knee 

wie ay net OFF ae BW an ote lath ‘ute ccna Saaetal ai oteon 
neols avert totin esetnho (aah nena iets ioe +m | 
onthtewi? odeied?’ ls soe badaee A. saint a 8 
ee ee wie a. 

abrath 2s Wot fail 'y peciaded 6 Migs Ser ne eat 
Shy artis reas ta BvaaperaseernniNin’ he 
yt. Lane ais bale SMELT, 04 ce gow | | 

yi Whtlt 43 Fy ether Peto iad Xe aa ir pt 


ft? 5 "y y 1} 


An } i 3 
sdk bag yar ebicete vomit wel athe ince va 
fetladshe ew pRhay ae ‘itis’ o : hiya 


oti vajewitueavith cow augeky ‘ia 


Saye ne Paonia ie et oo ti a 


Gi feat lotetom ad act pre: P| astipo bine 


: =~. ; ; Seam | : ‘ 
| o a y ; i ae isc 1} fiat : om oF np! : a 
4 ; i Sy ant (tr | VG ENS we MAT Fd Sih 0 |) Lae Ren 


phosphorylated and thereby trapped inside the cells. Intracellularly, 

5-fluorouracil and 5-fluoro-2'-deoxyuridine are converted to 

5-fluoro-2'-deoxyuridine-5'-monophosphate which binds to and inhibits 
the enzyme thymidylate synthetase !©° . 5-Fluorouridine and 5-fluoro- 
uracil are anabolized to the nucleoside triphosphate and incorp- 
orated into RNA +. 

The objective of this project was to synthesize and evaluate a 
series of radiohalogenated pyrimidine bases and nucleosides as radio- 
pharmaceuticals for the non-invasive delineation of a tumor. ' The 
2'-halo-2'-deoxyuridine analogues chosen ( 2'-FUdR, 2'-C1UdR and 
2'-IUdR ) are considered to be analogues of uridine !7°!8 and the 
6-halouracil derivatives ( 6-chlorouracil and 6-iodouracil ) may 
be considered uracil or orotic acid analogues?’. Although the 
biochemical fate of these analogues is not well understood, they have 
the potential to enter the pyrimidine metabolic pathways via the 
Salvage pathway and therefore interact with the cellular metabolic 
process. The specific goals of the project were to: 

1. determine if the radiohalogenated analogues chosen could be 
Synthesized and purified within the time frames imposed by the 
short-lived radionuclides selected; 

2. determine if *°F and °*MC1 could be recovered in a chemical form 
suitable for the synthesis of the fluoro and chloro derivatives; 
and 

3. determine if the radiolabelled analogues would demonstrate 


sufficient tumor selectivity and absolute incorporation into 
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the tumor, within the time constraints of each radionuclide, to 
make non-invasive gamma camera imaging practical in a clinical 


setting. 
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A. Historical Development of Nuclear Medicine and Radiopharmacy 


In 1896, Antoine Henry discovered a naturally occurring radioactive 
uranium salt. Five years later in 1901, Henri Alexander Danlos ~ 
reported the first medical use of a radioisotope with the introduction 
of radium therapy. Henri Ludwig Blumgart pioneered the diagnostic use 
of radioactivity in vivo in 1924 by attempting to determine blood 
velocity in man by injecting a solution of radon in normal saline 
intravenously. However nuclear medicine would probably not have 
evolved into a viable diagnostic tool without the development of 
artificial radioisotopes. In 1934, Jean Frederic Joliot-Curie and 
his wife Irene became the first radiochemists to produce the 
artificial radioisotope *°P. One year later Hevesey used this new 
radiophosphorous radionuclide for metabolic studies in rats 7°. 
Radiophosphorous was later shown to accumulate in tumors and by 
194i Krollet- al. nad predictedva brignt future, for, the detection 
of tumors with radionuclides *7. 

The nuclear reactor first built by Fermi and his colleagues in 
1942 soon became the mainstay of the radiopharmaceutical Adee 
even though E.0. Lawrence had developed the cyclotron many years 
earlier in 1930. Most radionuclides used in medicine, industry and 
research today are extracted from the fission products of reactors 
or are produced specifically by slow (thermal) neutron irradiation 
of selected target materials inside the reactor 7°. 

The recent interest in cyclotron produced radionuclides is a 
result of the latest requirements demanded by nuclear medicine 


physicians for radiopharmaceuticals. The initial approach in 
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nuclear medicine was to visualize, non-invasively, the in vivo 
physiological distribution of radioactivity in a particular organ or 
localize a suspected abnormality*”?. Therefore the majority of the 
procedures were designed to reveal anatomical or physiological function 
abnormalities. However, the development of X-ray computed tomography, 
ultrasonography and the potential of nuclear magnetic resonance imaging 
techniques, provides the medical community with a comprehensive battery 
of methods to determine the gross abnormalities of specific organs, of 
which nuclear medicine plays only a part?*. Therefore the focus of 
nuclear medicine has shifted towards the more subtle aspects of organ 
function. The major objective is to elucidate how efficiently an 

organ or system is functioning?*, by quantification of various 
parameters such as metabolism?°, membrane transport?® and the viable 
fraction of a cell mass?. 

The advent of single photon emission computed tomography (SPECT)*’ 
and positron emission tomography (PET)?° has greatly increased the 
accuracy with which accumulated data can be quantitated. The increased 
accuracy is due to the inherent superiority of contrast resolution 
demonstrated by tomographic techniques in comparison to planar 
scintigraphy. Whereas the gamma camera provided two dimensional 
analysis of the three dimensional phenomenon of in vivo tracer 
distribution, PET and SPECT techniques allow the third dimension to 
be measured. This allows the contribution of activity above and below 
the region of interest (ROI) to be rejected and the activity within 
the ROI to be more precisely determined?°. A relatively long imaging 


time is required to accumulate statistically significant data during 
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which time a steady state concentration of radiotracer within the ROI 

is necessary for accurate interpretation of the results. The challenge 
for nuclear medicine and radiopharmacy therefore lies in the design 

and synthesis of radiopharmaceuticals that will fulfill the requirements 
imposed by the imaging instrumentation and answer the specific questions 


related to tissue function asked by physicians. 
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B. | Radiopharmaceutical Design 


The concept of a "magic bullet" has provided incentive for the 
development of new, more specific chemotherapeutic agents and diagnostic 
techniques in all areas of medical research. The design of new radio- 
pharmaceuticals is no exception. New approaches rely upon an under- 
standing of the pharmacology, biochemistry, physiology and anatomy 
unique to the subject in question. The structure-activity relationship 
information elucidated from current agents is also important. 

The design of radiopharmaceuticals is further complicated by the 
choice of a suitable radioactive label. The half-life of the radio- 
nuclide must be long enough for the radiopharmaceutical to be synthesized 
and purified, to allow the radiopharmaceutical sufficient time to 
localize and concentrate in the organ of interest and to provide an 
observed level of radioactivity which does not decrease significantly 
via physical decay during the imaging procedure. These factors must 
be compromised to minimize the radiation dose to the patient?°. The 
mode of decay of the radionuclide must be suitable for external 
detection purposes. Thus a and 8 emissions and very low energy y rays 
and X rays which cannot be detected outside the body are undesirable 
components of a radionuclide decay scheme. Very high energy y 
emissions are also undesirable because they are poorly detected (low 
sensitivity), cause high background count rates and result in high 
radiation fields during synthesis and purification of the product?’>°*. 
Furthermore the specific activity of the radiopharmaceutical must be 
sufficiently high to preclude induction of an undesirable pharmacological 


response or saturation of the biological system being studied??. 
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Most biologically active compounds consist of carbon, hydrogen, 
oxygen and nitrogen. This composition represents a major obstacle to 
the synthesis of radiopharmaceuticals containing "natural" labels. 
There are no y emitting radioisotopes of hydrogen and the clinically 
useful radioisotopes of oxygen, nitrogen and carbon have very short 
half-lives (T# +°0=2 min, *3N=10 min and 7+C=20 min)33. Therefore 
frequent use is made of "foreign" labels to design analogues of 
physiologically active compounds in anticipation that they will behave 
biologically similar to the parent molecule. 

The radiohalogens 1°F, °*"C1, 7’Br and *2°I are particularly well 
Suited as "foreign" labels for radiopharmaceuticals and are potentially 
the cyclotron-produced nuclides of choice in nuclear medicine*®*?°°. 

The advantages of the halogen family as radiolabels are based on both 
their chemical and physical characteristics. Halogen chemistry is well 
documented and in many instances is directly applicable to radiochemical 
labelling techniques. The advantageous physical attributes of radio- 
halogens include their short half-lives and emission characteristics 
(Table I) which are particularly well suited for either the widely 
available single photon instrumentation or the newer SPECT and PET 
techniques**?3°, 

The design of radiohalogenated pyrimidine nucleosides and 
nucleobases for potential use as tumor imaging agents requires 
consideration of: 

1. the general metabolism of natural nucleosides; 
2. the metabolic and structural perturbations that may occur with 


the introduction of the halogen label; 
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TABLE I. Physical Characteristics of Some Medically Useful 


Radiohalogens?$. 


Radionuclide Half-Life 
ale 109.9 min 
Cl bbes 
Sule) 32.0 min 
Ce Syn 
ae 35h 


Major 
Emissions 


Abundancy 
% 


97 
194 
100 
200 


Bileys 


1. Annihilation photon: photon produced by the annihilation of a 


positron and an electron. 


2. Isomeric transition: a transition between two isomeric states 


of a nucleus or from an isomeric state to the ground state. 


3. Electron capture: a radioactive transformation whereby a 


nucleus captures one of its orbital electrons’®. 
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the synthetic routes available for introducing the label into 
the desired position; and 
the availability of the radiohalogens in the chemical form 


required for the synthesis. 
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Ge The Metabolism of Pyrimidine Nucleosides 


The ability to synthesize pyrimidine nucleotides required for DNA 
and RNA synthesis ( Scheme 1 ) 37°38 is an almost universal trait 
among living cells °°. However, it is via the salvage reactions 
( Scheme 2 ) 377402408941 that many nucleobase and nucleoside 
analogues gain entry into the metabolic reactions depicted in Scheme 1. 
For example, 5-fluorouracil can be converted directly to the 
ribonucleoside monophosphate, 5-fluorouridine-5'-monophosphate 
( 5-FUMP-) by pyrimidine phosphoribosyltransferase +2. 5-Fluorouraci] 
can also be converted directly to 5-FUMP via a two step esis PalRsit 
5-fluorouracil is converted to the ribonucleoside, 5-fluorouridine 
( 5-FUR ), by uridine phosphorylase. Then, 5-FUR is phosphorylated by 
uridine-cytidine kinase to 5-FUMP. However, the 2'-deoxyribonucleoside- 
5'-monophosphate derivative of a pyrimidine base cannot be obtained 
directly from the free base in one step. For example, 5-fluorouracil 
must first be converted to the deoxyribonucleoside, 5-fluoro-2'-deoxy- 
uridine ( 5-FUdR ) by either uridine phosphorylase or thymidine 
phosphorylase. The deoxyribonucleoside 5-FUdR is then phosphorylated 
by thymidine kinase to 5-FdUMP. Uridine phosphorylase and thymidine 
phosphorylase have overlapping specificity. 5-Fluorouracil, 5-FUR and 
5-FUdR must be converted to nucleotides to exert their cytotoxicity *2?**. 
However, it is not necessary for all nucleosides to be phosphorylated to 
exert a biological effect. For example, the physiological nucleoside 


adenosine has been implicated in a variety of regulatory functions '°. 
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Scheme 1. Pyrimidine Metabolic Pathways®7» °&>*°,#0@ 
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Scheme 2. Salvage Pathway for Pyrimidine Metabolism?7»*%»*?»#04 


Enzymes in Schemes 1 and 2 


Enzyme Trivial Name Enzyme Commission Number*? 


1 Carbamyl Phosphate Synthetase II (aad | ata 
2 Aspartate Carbamyltransferase 2g Weed 
3  Dihydroorotase Bear eS 
4 Dihydroorotate Dehydrogenase ie Sear | 
5 Orotate Phosphoribosyltransferase (eg RIAL 8) 
6 Orotidine-5'-phosphate decarboxylase Ai Dl i 23 
7 Uridine-Cytidine Kinase Coe se 
8 5'-Nucleotidase Slo 'sD 
9 Uridine Phosphorylase CPC oS 
10 Cytidine Deaminase Syed 
11 Uracil Phosphoribosyltransferase Cac.9 
12 Thymidine Phosphorylase 2.4.2.4 
13. Thymidine Kinase Vick heb Sf 
14 Deoxycytidine Kinase Cheha LA 
15 Deoxycytidylate Deaminase HS rad sa Lyd 
16 Cytidylate Kinase Cn F514 
17 Thymidylate Kinase Caren 
18 Ribonucleotide Reductase Lelie det 
19 Nucleoside Diphosphate Kinase eg ACS 
20 Thymidylate Synthetase Zelenhe45 
21 CTP Synthetase 623 9482 
22 Nucleosidemonophosphate Kinase TES 
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Pyrimidine bases are not anabolized in vivo as efficiently as 
the corresponding nucleosides. The incorporation of 5-iodouracil 
into DNA was found to be less efficient than 5-IUdR*®, while the uptake 
of 5-fluorouracil into various murine tumors was reported to be less 
than that of either 5-FUdR**:2?* or 5-FUR*. This discrepancy can be 
attributed in part to the catabolic pathway of pyrimidine nucleobases. 
The first step in the degradation of the free base is irreversible 
reduction to the 5,6-dihydropyrimidine, while the first step in 
nucleoside degradation is reversible cleavage of the nucleoside 
glycosidic bond to yield the free base and ribose-1l-phosphate or 
deoxyribose-1l-phosphate*?. Other factors that contribute to the 
differential tumor uptake of bases and nucleosides are differences 
in their rates and mechanisms of entry into cells and differences in 
their rates of metabolic trapping inside the cells*’~*?. 

The complex metabolism of physiological nucleotides makes it 
difficult to predict the ultimate fate of exogenous pyrimidine 
nucleoside analogues entering the metabolic pathways. This was 
demonstrated by Hunting et al.°’, who determined quantitatively the 
metabolic fates of uridine, 2'-deoxyuridine, thymidine, cytidine and 
2'-deoxycytidine in cultured Chinese hamster ovary cells. The results 
indicated a much more complicated metabolic fate for the ribonucleo- 
sides compared to the deoxyribonucleosides. Uridine was incorporated, 
in at least trace amounts, into all of the pyrimidine nucleotides. 
Cytidine was converted into all of the pyrimidine nucleotides 
excepting the phosphorylated deriviatives of thymidine. 


However, conversion of cytidine to thymidine nucleotides would not 
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have been detected under the experimental conditions employed because 
5-[3H]-cytidine was used and the tritium label would have been lost 
from the C-5 position during the synthesis of thymidylate°°®. In 
contrast, 2'-deoxycytidine and thymidine were converted to their 
respective mono-, di- and triphosphates only. 2'-Deoxyuridine was 
anabolized almost as efficiently as thymidine into the thymidine 
nucleotides. These were the only interconversions between the 
deoxyribonucleosides observed®®. Although it is difficult to 
accurately predict the biological fate of pyrimidine analogues, 

the biological activity of new compounds can be directed towards 
specific goals by synthesizing new analogues having structural 
alterations based on the biological activity of currently known 


nucleosides. 
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D. Pyrimidine Nucleobase and Nucleoside Analogues 


Almost every structural feature of a nucleoside plays an important 
role in determining its metabolic fate and biological activity. Indeed, 
the pyrimidine heterocycle has been modified at every position in the 
ring by replacement or interchange of the skeletal carbons and 
nitrogens or by modification of the substituents at each position. 

A similar, but less extensive study of the ribofuranosyl moiety has 
included substituent modification at all five carbon positions and 
replacement of the ring heterocyclic oxygen. 

The extent and nature of the biological transformations that a 
nucleoside or base analogue may undergo is difficult to determine 


a priori. However, a number of structural features are known to be 


important determinants in the metabolic fate of pyrimidine nucleoside 
analogues. These are°?>°?: 
I the anomeric configuration of the glycosidic bond between the 


base and the sugar; 


on the enantiomeric configuration of the sugar; 
38 the conformation of the base and sugar rings; 
4. the conformational relationship between the base and the sugar 


about the C-1'-N-1 glycosidic bond; 
5) the sites of attachment of the base and sugar; 
6. the substituents on the base and sugar; 
The the configuration of the C-2' and C-3' substituents on the 
Sugar. 
The physiological nucleosides and nucleoside antibiotics isolated 


from natural sources exist primarily in the 8 anomeric configuration 
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(Figure 1). However the B-configuration is not an absolute requirement 
for biological activity. For example the a-anomer of 2'-deoxythio- 
guanosine is known to undergo metabolic phosphorylation and eventual 


incorporation into the terminal positions of RNA and DNA°*. Nucleosides 


Figure 1. Anomeric Configurations of the Glycosidic Bond 


which have the L-enantiomeric configuration are metabolized, but to 
a lesser extent than the natural D-isomers°®?. The conformation of 
the sugar and the conformation between the base and sugar are 
strongly influenced by the last three structural features listed. 
It is the alteration of these structural features, due to chemical 
modification of naturally occuring nucleosides, that is responsible 
for the wide range of biological actions observed for the various 


nucleoside and nucleobase analogues. 
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1. C-6 Substituted Pyrimidines 


The majority of nucleoside analogues synthesized have been 
modified in the pyrimidine heterocycle. Pyrimidine bases are 
essentially planar, and functional group substitution or interchange 
of annular atoms has little effect on the ring conformation as long 
as the aromaticity of the base is retained??. 

Pyrimidines which have undergone substitution in the C-6 position 
are potential analogues of uracil (la) or orotic acid (1b) and may 
interfere with de novo pyrimidine metabolism at the orotate phosphori- 


bosyl transferase or orotidine-5'-phosphate decarboxylase enzyme level°*. 
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Alternatively, the pyrimidine C-6 position has been implicated as the site 
of enzyme attack in the initiation of various metabolic events in which 
natural and synthetic nucleosides and nucleobases are involved. These in- 
clude the synthesis of of thymidine monophosphate (inhibited by 5-FUdR)°°, 
the deamination of cytosine nucleosides (metabolism of ara-C) °°, and the 
general catabolism of pyrimidines °”’. A number of C-6 mono-substituted 


analogues of uracil, cytosine (2) and thymine (1c) have been synthesized. 
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The 6-methyluracil derivatives (3a-e) were initially prepared 
as possible antimetabolites°®2°°2°°, 6-Methyluracil (3a) was 
reported to have no antimicrobial or cancerostatic activity°® and 
6-methyluridine (3b) did not exhibit bacteriostatic activity®?. 


The bulky methyl group of 3b decreased its susceptibility to cleavage 


R 
0 a 
a H 
aN 
N | b ribose 
Oo” N~ SCH, < 2'-deoxyribose 
i ribose—5—monophosphate 


e ribose—5—diphos phate 


(8.5%) of the glycosidic bond under similar conditions that resulted 
in 50% degradation of uridine to uracil. The monophosphate derivative 
3d was a substrate for a number of phosphatases°’. The biological 


activity of 3c°° and 3e°? was not reported. 
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The 6-methyl cytosine analogues (4a-c) were prepared to determine 
whether the methyl group would hinder deamination in vitro°®. This 
proved true with the free base 4a, but the bulky methyl group increased 
the rate of non-enzymatic cleavage of the cytosine nucleosides 4b,c 
to the free base. This was ascribed to steric rather than electronic 
factors in which the 5'-hydroxyl is forced into a position where it 
can hydrogen bond with the C-2 carbonyl. This effect stabilizes the 
base oxonium ion formation and makes the pyrimidine a better leaving 


group°°. 
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The introduction of halogen substituents into the C-6 position 
of pyrimidine nucleobases was of interest because of the biological 
effects observed with these substituents in the C-5 position. 
6-Fluorouracil (5a) was inactive against a variety of bacterial 
systems®?>®2, Introduction of the strongly electronegative fluorine 
atom into the C-6 position of uracil decreases the pKa of the base 
and increases its susceptibility to nucleophilic reactions. The 


biological inactivity of 5a was attributed to the ease with which 
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it undergoes hydrolysis to barbituric acid (5g), which is inactive 
in nucleic acid metabolism®*. The biological activity of analogues 
5c-f ©°*2°° was not reported but 5b exhibited moderate inhibition of 

microbial growth at high concentrations®®. The 2,4-dimethoxy 
derivative of 5b was approximately 1000 fold more inhibitory in 

the same system. 

Similar substituents in cytosine and thymine bases have also 
been examined. 6-Fluorocytosine (6a) was found to be weakly active 
against Candida albicans, Saccharomyces carlbergensis and Strepto- 
coccus faecalis®’. The deamination of 6-fluorocytosine to the 
biologically inactive 6-fluorouracil derivative (5a), in a manner 
analogous to the inactivation of ara-C may account for its weak 
biological effects. 6-Chlorocytosine (6b) exhibited moderate 
antitumor activity in a C1498 myelogenous leukemia test system®®. 

6-Fluorothymine (7a) was shown to inhibit the growth of 
influenza A PR8 in Ehrlich ascites tumor cells®°?. The activity 


of analogues 7b,c have not been reported®*?’°, 
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2. Pyrimidine Nucleosides with C-2' Halogenated Sugars 


The biological activity of nucleoside analogues is a result of 
their structural and conformational similarities and dissimilarities 
to the natural enzyme substrates. The conformation of the analogues 
must be similar to the natural substrate or the resulting enzyme- 
substrate complex will not be ideal. The 2'-halo-2'-deoxyuridine 
analogues 8a-d in which the 2'-hydroxyl function has been replaced 
with a halogen atom in the ribose configuration, are considered 
conformational analogues of uridine (8e) rather than 2'-deoxyuridine 
(8f). The biological activity of these and related pyrimidine 
nucleoside analogues has been evaluated. 

The 2'-halogenated ribosides of uracil (8a-c), thymine (9a-c) 
and 5-fluorouracil (10a-c) were originally synthesized as potential 
antimetabolites’1+27227°. The 2'-iodo analogues 8d and 9d had been 
prepared earlier as intermediates in the conversion of pyrimidine 


nucleosides to deoxynucleosides and were not tested for biological 
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activity’*. The 2'-fluoro analogues 8a and 10a inhibited the growth 
of a uracil-requiring strain of Bacillus subtilis when grown in the 
presence of certain 5'-substituted nucleosides. The 2'-fluoro and 
2'-chloro analogues of thymidine (10a,b) were not incorporated into 
mouse embryo cells’°. The 5'-monophosphate of 8a was a substrate 


for thymidylate synthetase’®. The difluoro analogue 10a was 


R! 
a F 
b Cl 
ec Br 
d | 


11 Br 


2 at ’ 
{ a 
£0) 
a 
by 
ra 


‘a 


by gli ED Lipey* a sai te catan 


ee ae aloes ; ue 
NaF Toe aga | | 


2 wose Si AS eee 


us Dae kp. A aie cel | 


27 


phosphorylated by a crude enzyme extract from Ehrlich carcinoma cells 
and, as the 5'-monophosphate, inhibited thymidylate synthetase’’. The 
diphosphate of 8a, 2'-FdUDP, was a substrate for Escherichia coli’® 
polynucleotide phosphorylase, forming the homopolymer, poly 2'-FUdR. 
The fluoro polymer was a substrate for Micrococcus luteus RNA phospho- 
diesterase and pancreatic DNase II but was resistant to pancreatic 
RNase and DNase I. Poly 2'-FUdR also formed 1:1 complexes with 
polyadenylic acid but did not induce interferon’’. The triphosphate 
of 8a was a substrate for Escherichia coli RNA polymerase and was 
incorporated into a polymer approximately 40% as efficiently as 
UTP’®, The 2'-fluoro-2'-deoxycytidine derivative, 2'-FCdR (12a), 
was active against P815 and L5187 leukemia cell growth in vitro °. 
2'-FdCDP was observed to be a substrate for Escherichia coli 
polynucleotide polymerase’® and an inhibitor of ribonucleoside 
diphosphate reductase®°®. The latter enzyme was shown to catabolize 
2'-FdCDP to fluoride ion, cytosine and a sugar pyrophosphate which 
in turn was metabolized to free pyrophosphate and a sugar. The 
enzyme was inactivated by 2'-FdCDP after approximately 100 turnovers 
of substrate®?, 

2'-Chloro-2'-deoxyuridine (8b) was active against Bacillis subtilis 
growth 7° under similar conditions described for 8a and 12b and 13b 
were more potent inhibitors of P815 and L5187Y cell growth in vitro 
than the fluoro analogue (12a)°*. The diphosphates of 8b and 12b 
were substrates of Micrococcus lysodeikticus polynucleotide phos- 
phorylase®*>°*, The corresponding polymers were ineffective as 


inducers of interferon. This is in contrast with the 2'-fluoro- and 


ok Me bee mn i oa BV aa wees | 


Rep | a be. 
So tte ll Ss or 
: stn 39 af | 
& « a terte | ? 


ROSS Mie . a edna caalpiened shag 
neiig, AMA 2UetOl gus. NOt cadets Be ev wang lng, | 
ee sedd (ad i | oun eed ee aaa silieer sina ths 
sani eats R18 id i ae 
atidyeoryir?. 9 ie re Li —' id Libis bide OTe jth 
9 » shdaaors. ag wi ee tiie me os a 
* Tea RROVeRA ca hog 8 oan) jen an es 
21) DARD ae “saga off ut 
Ri Ay Newote feo cepa WEBS mye GRBRi Jantingn 9 g | 
ta civ ret Nee ann Melo ee i 
i egal mods To eer ie ayes r eaenpenetod whi; Ke 
Map of morte ona bes “tae ! edisa: uta 
iy Qatgsedionvds adatte eT danwbir baal dnote: ebiomt ag § 
oiT .-niwe a bere so eiyebagding aah ‘Rdyahtodeton ey | tue 
sevens Ob: Uindalil nanan ond: sel at iuteva doen aw ¢ 3 ~ 
| Pe : AS gies : ae | 


ys 


ae) ¢Aue BEL Met) ae (oe | ene so ape sonatas J 


rw Peres Awl. ne — Al" ape 


GE) GG dst Diet ae or peed Tov ry get ih ron wir i "eee cry aX 


QS ON RL SGN FPA PNET a on sy ar PRETO, Ty . is. . i 
| potane oscut' sit a ae 
24 WiPIShSem Ga otuN) "a ahaa lel | ne rs aa 


oul Saat AS Tame NR. Mae ae er, ‘panssesa e enapiiinE 7 a 


~ 
; 


- mn a 
a ‘ 


28 


R2 
F 
Cl 
¢ Br 
d | 
HO R? R' 
12 H 
13 F 


2'-chloro-2'-deoxyinosinic acid polymers which, when complexed with 
polycytidylic acid, exhibited interferon inducing activity. 2'-Chloro- 
2'-deoxycytidine-5'-diphosphate (12b), 2'-C1dCDP and 2'-fluoro-2'-deoxy- 
cytidine-5'-diphosphate (12a), 2'-FdCDP, are classified as unreactive 
proinhibitors of Escherichia coli ribonucleoside diphosphate reductase. 
Inhibitors of this class are converted to active intermediates which 
react with the active site of the enzyme. 2'-Fluoro-2'-deoxycytidine- 
5'-diphosphate and 2'-C1dCDP both seem to act in a similar manner. 
Inactivation of the enzyme results in a loss of titratable sulfhydryl] 
groups which cannot be regenerated, suggesting irreversible inactivation 
of the enzyme active site ®!. The enzyme catalyzes the loss of free 
base and halide ion from the deoxyribose diphosphate sugar followed by 
cleavage of the diphosphate from the sugar. The halide ions are 

thought to be released via a free radical mechanism in which an hydrogen 
is abstracted from either the C-1' or C-3' positions. The authors 
speculate that the reactive intermediate could be analogous to structure 


14. Structure 14 is a potent Michael acceptor which could be attacked by 
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the sulfhydryl group of the enzyme and become covalently bound to the 
active site of the enzyme 8°. 

The biological activity of the 2'-bromo and 2'-iodo ribet tuted 
deoxynucleosides ( 8c,d - 13c,d ) has not been reported. However Fox 
et al. have suggested that the cytidine analogues ( 12c,d ) and 
( 13c,d ) may be converted in vivo to the corresponding ara-C 
derivatives 85 and this hypothesis may also be valid for the uridine 
analogues as well. If this were the case, the biological activity 
of analogues ( 8c,d ) and ( 10c,d ) should parallel that of the 
corresponding ara-U and ara-5-fluorouracil derivatives. The 2'-bromo 
pyrimidine nucleosides may be substrates for the polynucleotide 
phosphorylase enzyme which is known to polymerize 2'-bromo-2'-deoxy- 


adenosine-5'-diphosphate 8°. 
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E. Chemistry of Pyrimidine Nucleosides and Nucleobases 


1. Chemistry of Pyrimidines 


Pyrimidines, or 1,3-diazines (15), are six membered heterocyclic 
ring structures. The electron densities at the C-2, C-4 and C-6 
positions of pyrimidine are qualitatively similar to the C-2, C-4 and 
C-6 positions of 1,3-dinitrobenzene (16) and pyridine (17) respectively. 
The low electron density at the C-2, C-4 and C-6 positions of pyrimidine 


is due to the combined inductive and resonance effects of the two ring 
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nitrogen atoms®’. Nucleophilic substitution reactions on pyrimidine 
ring systems preferentially occur at the C-2, C-4 and C-6 positions. 
Theoretically, nucleophilic substitution at the C-2 position should 

be favoured relative to the C-4(6) position on the basis of resonance 
structures, however the converse is generally observed experimentally?®. 
These reactions are subject to kinetic rather than thermodynamic 
control. The increased electrostatic repulsion, resulting from the 


effect of two nitrogen lone electron pairs upon the C-2 position 
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relative to the single nitrogen lone electron pair upon the C-4(6) 
position, is proposed as a plausible explanation for this observation®?. 
The introduction of the keto functions of uracil (la) and thymine (lc) 
or the amino function of cytosine (2) into the pyrimidine ring, enhance 
the ring stability significantly. Electron donating substituents also 
decrease the reactivity of pyrimidines with respect to subsequent 
introduction of nucleophiles, a property which is advantageous for 
selective syntheses*’. The C-5 position of pyrimidine has a higher 
electron density than the other positions and is susceptible to 
electrophilic substitution when suitably activated by electron- 


donating substituents®’. 


a. Synthesis of 6-Halogenated Pyrimidine Nucleobases 


The synthesis of C-6 substituted pyrimidines can be 
approached via two general methods. The first method, called 
the principal synthesis, involves construction of the pyrimidine 
ring by condensation of two appropriately selected bifunctional, 
acyclic precursors. The second method involves manipulation of 
Substituents present on a preformed pyrimidine nucleus. The 
principal synthesis is unsuitable for the synthesis of 2-, 4- 
or 6-halo pyrimidines®’. Halogenation of the C-2, C-4 and C-6 
positions has generally been accomplished via nucleophilic 
substitution reactions involving the preformed pyrimidine nucleus. 

Most nucleophilic substitutions require the presence of a 
suitable leaving group. This is especially important for the 


synthesis of 6-substituted natural pyrimidine nucleobases because 
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the keto functions at C-2 and C-4 of uracil and thymine and the 
amino function at C-4 of cytosine deactivate the ring to nucleo- 
philic attack. Therefore displacement reactions that occur at 
temperatures of 25°C or less for unsubstituted or activated 
pyrimidines require heating at reflux or pressure reaction 


conditions with deactivated pyrimidines (Scheme 3)°°. 


Cl 
Z H 
Cl Sn H 


Scheme 3. Amination of 2,4-Dichloropyrimidine 


The most common synthesis of 6-substituted pyrimidines is 
via the nucleophilic displacement of a 6-halo substituent. Thus 
bromo- and chloropyrimidines are readily prepared by the reaction 
of a phosphorous oxyhalide with the appropriate hydroxy pyrimidine 


(Scheme 4). The chloro compounds are the intermediates of choice 
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Since chlorine is as reactive as bromine and iodide and is the 
most readily introduced halogen®’. The fluoro- and iodopyrimidines 
have been most conveniently prepared by halide exchange with the 


chloro intermediate. 


4 f 
oS X=Cl.Br Cl. Br Y=F, eet o 


4 
5 9 R=H 18 a X= Cl 19 a Y= F 
h R= CH, b X= Br b Y= | 


Scheme 4. Synthesis of 2,4,6-Trihalopyrimidines 


The 6-chloro (5b) and 6-bromo (5c) analogues of uracil can 
be readily prepared from barbituric acid (5g) via the appropriate 
2,4,6-trihalopyrimidine. Selective displacement of the C-2 and 
C-4 halide substituents of 18a,b (R=H) with methoxide anion, 
followed by demethylation using dilute mineral acid in acetic 


°* respectively. 


acid gave 6-chlorouracil (5b) and 6-bromouracil (5c) 
Attempts to synthesize 6-iodouracil (5d) in a manner analogous to 
5b or 5c resulted in the formation of barbituric acid (5g). 
Treatment of 6-chlorouracil (5b) directly with sodium iodide 


afforded 5d in good yield®*. In contrast, the nucleophilicity of 
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fluoride anion was too low to allow the analogous fluorine for 
chlorine exchange with 6-chlorothymine (7b). The failure of 
this reaction was attributed to the presence of the C-2 and C-4 
ketone functions which deactivate the ring to nucleophilic 
substitution®*. The synthesis of 6-fluorothymine (7a) was 
successfully accomplished by the procedure reported for the 
syntheses of 6-fluorouracil (5a) and 6-fluorocytosine (6a)°* or 
by the action of alkali on 2,4,6-trifluoro-5-methylpyrimidine 
(19a, R=CH,)°°. The C-6 fluorine substituent of 5a and 6a was 
too acid labile to be prepared by acidic cleavage of their benzyl 
ether derivatives, however, catalytic hydrogenation proved 
sufficiently mild to afford the desired fluoro pyrimidines 5a°? 
and 6a°°. 

The pKa and reactivity of pyrimidines are profoundly 
affected by the electronic character and position of functional 
substituents??°°’. Halogen substitution, as expected, results 
in a decreased pKa compared with the parent, in the decreasing 
order F, Cl, Br and I°?. This effect is much greater for C-6 
substituents than for C-5 substituents. For example, introduction 
of the highly electronegative fluorine atom at C-5 of uracil 
decreases the pKa from 9.50 to 7.98. 6-Fluorouracil has a pKa 
of 4.03. Similar observations of a lower magnitude have been 
observed with the other halogen containing isomers. The electron- 
withdrawing effect of fluorine at the C-6 of pyrimidines signifi- 
cantly increases their susceptibility to acid catalyzed 


nucleophilic displacement reactions at this position. This 
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accounts for the difficulty in obtaining the 6-fluoro analogues 
of uracil (5a) and cytosine (6a) by acidic hydrolysis of the 


ether intermediate®?>°7, 


2. Modification of the Sugar Moiety of Pyrimidine Nucleosides 


Synthetic procedures for the preparation of nucleosides with 
modified sugars can be divided into three major approaches. The first 
method employs a coupling reaction in which a derivatized base (TMS, 
-OEt) having the desired functionality and a sugar are coupled to form a 
nucleoside. In the second procedure the pyrimidine heterocycle is 
constructed using a preformed sugar analogue. The third approach 
involves the modification of a preformed natural or synthetic nucleo- 
side®’. Due to time constraints, the modification of preformed 
nucleosides provides the most suitable method for synthesizing radio- 
pharmaceuticals. The coupling reactions require that the radioactive 
label be incorporated relatively early in the synthetic sequence 
before the nucleoside is actually formed. The condensation and 
deblocking procedures that must follow the labelling step are 
undesirable because they increase the total reaction time which is 
an important consideration with short-lived radionuclides, and 
further decrease the overall radiochemical yield. Synthesis of the 
pyrimidine ring of the desired nucleoside by condensation and cycliza- 
tion reactions using the appropriate sugar as starting material, 
permits control over the stereochemistry of the product but requires 
several synthetic steps following the introduction of the label’’. 


Modification of intact nucleosides offers important advantages 
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including retention of preexisting substituent configuration and 
stereochemistry at unaltered loci and the necessity for fewer reaction 
steps®’. For these reasons the preformed nucleoside provides the 

best alternative as precursor for syntheses of short-lived radiolabelled 
analogues. A discussion of the major synthetic methods available 

for the introduction of substituents into the C-2' position of 
pyrimidine nucleosides follows. An excellent review covering chemical 
modification of the various positions on the ribose moiety of intact 


nucleosides has recently been published by Moffatt?’. 


a. Synthesis of Pyrimidine 2,2'-Cyclonucleosides 


The major methods of introducing substituents into the C-2' 
position of pyrimidine nucleosides can be divided into two 
categories: those reactions involving a 2,2'-cyclonucleoside 
directly and those reactions in which the 2,2'-cyclonucleoside 
is formed in situ. 

2,2'-Cyclouridine (20) was first synthesized unintentionally in 

an attempt to deblock 3',5'-di-O-acety1l-2'-tosyluridine with 
methanolic ammonia to prepare the 2'-tosyluridine derivative’?. 

The unexpected 2,2'-cyclouridine nucleoside was postulated to 

have arisen via intramolecular nucleophilic displacement of the 
tosyl function by the C-2 oxygen of the uracil base. This and 
similar methods’* required numerous selective blocking and 
deblocking steps to prepare the 2,2'-cyclonucleoside from the 
starting riboside. A number of procedures were developed to 


circumvent these steps and provide a less cumbersome route to 
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the 2,2'-cyclo derivatives. The most convenient method for the 
synthesis of 2,2'-cyclouridine was reported by Hampton and 

Nichol °°; this method has since proven useful in the synthesis 
of other 2,2'-cyclo pyrimidine nucleosides®?2°+, The reaction 
involves treatment of uridine with diphenylcarbonate and sodium 
bicarbonate in dimethylformamide or hexamethylphosphortriamide?* 
to give 2,2'-cyclouridine in one step. The reaction is believed 
to proceed via an uridine 2',3'-cyclic carbonate intermediate 
(20,x =0). The pyrimidine C-2 oxygen preferentially attacks the 
C-2' position, rather than the C-3' position, to give the thermo- 
dynamically more stable 2,2'-cyclouridine derivative’*® (Scheme 5). 
2,2'-Cyclouridine, prepared by treating uridine with either 
carbonyldiimidazole or thiocarbonyldiimidazole, is postulated to 


arise via a similar intermediate (20, x=0,S) °°. 


20 21 


Scheme 5. Synthesis of 2,2'-Cyclouridine Via a 2',3'-Cyclic 
Carbonate Intermediate. 
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Reactions of 2,2'-Cyclonucleosides 


The chemistry of 2'-substituted pyrimidine nucleosides and 
the chemistry of 2,2'-anhydro-1-8-D-arabinofuranosylpyrimidine 
nucleosides are inextricably related due to the propensity of the 
C-2 carbonyl to participate in intramolecular nucleophilic 
displacement reactions involving substituents on the sugar 
moiety®*®. Participation of the C-2 carbonyl of the pyrimidine 
heterocycle governs the stereochemistry of the substituents 
introduced into the C-2' position of intact pyrimidine nucleosides. 
Intramolecular nucleophilic displacement of a leaving group in the 
ribo configuration on the sugar by the C-2 carbonyl of the base 
occurs preferentially to substitution by an external nucleophile. 
Thus, only substitution with rentention of the ribo eonarauracion 
at C-2' can occur with pyrimidine nucleosides in which the C-2 
carbonyl is free to participate in the reaction. 

The use of 2,2'-cyclopyrimidine nucleosides as precursors 
for the synthesis of 2'-substituted analogues originated with 
the synthesis of 2'-halo-2'-deoxy analogues of uridine, thymidine 
and 5-fluorouridine’**’*. Fox et al.’* noted that reaction of 
2,2'-cyclouridine with aqueous 3.0 N hydrogen chloride gave two 
products identified as ara-U (23, R=H) and 2'-C1UdR (8b). When 
2,2'-cyclouridine was reacted with an ethereal solution of 
anhydrous hydrogen chloride in the absence of water, 2'-C1UdR 
was obtained as the sole product in essentially quantitative 
yield. The reaction was successfully extended to include the 


2'-fluoro, -bromo and -iodo analogues which can also be prepared 
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in good yield using this procedure. These reactions differ from 
the reaction of 2,2'-cyclouridine with sodium iodide reported by 
Brown et al.°’. In the latter reaction, 2'-IUdR (8d) was obtained 
in low yield only after acetic acid was added. These findings 
prompted Fox et al. to postulate that protonation of the 2,2'- 
cyclo intermediate (22, R=H) was necessary to facilitate the 
cleavage of the anhydro bond (Scheme 6)’772°°. Further evidence 
for this reaction mechanism was reported by Kikugawa et al.*’. 
These authors synthesized N-3-methy1-2'-iodo-2'-deoxyuridine 
(24, R=-CH,) by the reaction of methyl iodide with 2,2'-cyclo- 
uridine in dimethylformamide. Methylation (cf. protonation) 
occurred before cleavage of the 2,2'-anhydro bond to give the 
intermediate (22, R=-CH,) if the reaction was stopped before 
it had gone to completion. This intermediate (22, R=-CH;) 
liberated acid and was converted into the arabino analogue 
(23, R=-CH,) in the presence of water. If the reaction was 
allowed to proceed in the absence of water, only the 2'-iodo 
nucleoside (24, R=-CH,) was obtained. The observation that 
the stable crystalline hydrogen chloride or bromide salts of 
2,2'-cyclouridine can be converted to the corresponding 2'- 
halogenated derivative simply upon heating lends further 
credence to the postulated reaction mechanism’*. 

Other reagents for the introduction of halogens into the 
C-2' position of pyrimidine nucleosides, via cleavage of the 
2,2'-anhydro bond, have also been proposed. The attempted 
synthesis of 2'-f]uoro-2'-deoxycytidine (12a) (2'-FCdR) via 


the treatment of 2,2'-cyclocytidine with anhydrous hydrogen 
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fluoride was unsuccessful*?°° and only low yields of 2'-FCdR were 
obtained by the decomposition of the hydrofluoride salt of 2,2'- 
cyclocytidine?®. Instead, the synthesis of 2'-FCdR was achieved 
using a crown ether-anhydrous potassium fluoride complex in DMF. 
This procedure was only successful when the reaction mixture was 
vigorously dried by azeotropic distillation with benzene to remove 
all water. 

The reaction of 2,2'-cyclonucleosides with nucleophiles does 
not always afford the desired 2'-substituted product. Nucleophilic 
substitution can also occur at the C-2 position of the pyrimidine 
heterocycle. This is exemplified by the reaction of aqueous 
hydrochloric acid with 2,2'-cyclouridine’?*’? in which both 
2'-C1UdR and ara-U are produced. Nucleophilic attack of water 
at the C-2 position of the uracil ring competes with attack of 
chloride at the C-2' position of the sugar to give the afore- 


mentioned products. 
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F. Radiochemistry and Radionuclide Production 


1. Radiochemistry 


The successful synthesis of a radiolabelled molecule requires 
a consideration of the limitations imposed by the radionuclide, the 
basic chemical characteristics of the labelling reagents and the 
compound to be labelled. The main considerations introduced by the 
radionuclide are*®*:?°?; 

1. the time required for synthesis and purification; 

2. the specific activity required for the radiolabelled compound; 
3. the requirement for small-scale procedures; 

4. the limited number and availability of synthetic precursors; and 
5. radiation protection for the personnel. 

The major limiting factor in radioactive syntheses is the half- 
life of the radionuclide. For example, the use of short-lived 
radionuclides such as °“"C1 (T= 32 min) and 21°F (T$=109.7 min)3 
stringently limits the time available for the synthetic and purifica- 
tion procedures, whereas the use of longer lived nuclides, including 
1237 (Ti =13.2°h) ‘and °°Cl (14 =3 x 10° y)2* imposes minimal time 
restraints. It should be recognized that after six half-lives 
have passed, less than 2% of the starting radioactivity remains, 
irrespective of the chemical yield??. Therefore, the two most 
important factors in the choice of reaction conditions are the rate 
of product formation and the rate of radioactive decay. For example, 
assuming first-order reaction kinetics, the relationship between 


these two constants is given by equation 1*°*, where ee 
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es C1 /Kads Inka fa) + 1 Equation 1 
the length of time required for optimum yield, K; is the rate of 
formation of the desired product (usually determined experimentally) 
and is the decay constant of the radionuclide. These factors may 
be better illustrated by Figure 2, which compares the absolute 
chemical yields of hypothetical reactions with the decay of the 


radionuclide?? 27° 


. Visual inspection of Figure 2 indicates that the 
initial rate of product formation is more important than the overall 
chemical yield. Equation 1 neglects the purification, separation and 
transfer steps that must also be performed. Those reactions requiring 
complex purification or workup of the final product may be less 
applicable than procedures which afford lower chemical yields but which 
require simple workup protocols. 

In most instances a high specific activity radiopharmaceutical is 
desirable to minimize the possibility of eliciting an undesirable 
pharmacological response to the tracer or saturating the biological 
process being measured. The maximum specific activity theoretically 
possible is inversely proportional to the half-life of the radionuclide 


as shown by equation 27°?: 


-dN/dt = AN = (1n2/T4)N Equation 2 


where N is the number of atoms and A is the decay constant of the 
radionuclide. This ideal, “carrier free" state is, in practice, 
virtually impossible to achieve due to isotopic dilution of the 


radioisotope, by other isotopes of the same element, present in the 
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e) 1 2 3 & 5 6 


Time in Units of T4 


Curve A. High chemical yield reaction with slow reaction rate 
Curve B. Intermediate chemical yield reaction with fast reaction rate 


Curve C. Composite curve representing actual radiochemical yield from 
Curve B 


Curve D. Composite curve representing actual radiochemical yield from 
Curve A 


Curve E. Decay curve of the radionuclide 


Figure 2. Effect of Reaction Kinetics (First Order) on Radiochemical 
Yield. 
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target material and reagents used during production’°?. The original 

terms, "“carrier-free" and "carrier-added", neglect this problem of 

inadvertent dilution of the radionuclide and in this context a new 
term, "“no-carrier-added", has been coined. The new definitions are 
aS TO) |OWS are? 7 an 

1.  Carrier-free (CF): The radionuclide is not contaminated with 
any other stable or radioactive nuclide of the same element. 

2. No-carrier-added (NCA): The radionuclide has not been intentionally 
diluted with other stable or radioactive nuclides of the same 
element. The specific activity is very high and may be CF. 

3.  Carrier-added (CA): A known amount of stable or radioactive 
isotope has been added to the radionuclide of interest. 

4. Carrier (C): A stable or radioactive isotope of the element 
in question. 

5. The above definitions refer to a specific position or positions 


when applied to a given molecule. 


In practice then, the highest specific activity that can be 
claimed is NCA which may approach CF status under rigorously 
controlled conditions. Radiochemical syntheses are usually 
conducted on as small a scale as possible, to reduce the amount 
of intentionally added carrier. This often introduces technical 
problems since it is difficult to handle and transfer reaction 
volumes smaller than 10-30 ul. 

The specific activity of radiolabelled products to which carrier 
has been added during synthesis is dependent on the starting activity 


and the concentration of added carrier. If carrier must be added and 
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a high specific activity product is required, a high level of radio- 
activity must be used which may pose radiation protection problems. 
For shorter lived radionuclides, the problem is compounded by a 
constantly decreasing specific activity due to radionuclidic decay. 
The availability of radiochemical precursors is another factor 
which must be considered when determining the labelling strategy. 
For example, reactor produced ?°F is available only as the anion 
while an accelerator can provide more novel anhydrous fluorinating 
reagents such as F,, CF,0F, NOF, SFe or SF.i322. Also, commercial 
sources of radioiodine often supply the radioisotope in aqueous 
solutions of sodium hydroxide, with or without added antioxidant. 
These additives may influence the selection of the reaction to be 


used. 


2: Fluorine-18 


Fluorine-18 (T}=109.9 min)33 is the only radioisotope of fluorine 
that has a half-life of sufficient length to be of use as a radio- 
pharmaceutical label. It decays primarily by 8* emission (97%) and 
electron capture (3%) to the stable isotope *°0. The Bi (ieee = 0.635 
MeV ; Eve = 9-28 MeV) emitted by *°F has a maximum range of 0.7 mm in 
water?°° which is one of the shortest ranges of the medically relevant 
Been ELetsmiee Cas ON we 0. Gh creme «Game (biednds UR). 
These characteristics make ?°F a good candidate for PET. The range 
of the g* plays an important role in limiting the spatial resolution 
of the PET detection system. The coincident y rays are emitted when 


the gt has reached thermal energy and has therefore travelled away 
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from its point of origin. Therefore the inherent spatial resolution 
of a particular gt emitting radiopharmaceutical is inversely 
proportional to the E ay and range of the B*. 

Early interest in *°F production was focussed on developing an 
aqueous solution of fluoride-18 suitable for human use?°®:?°’, This 
could be accomplished in a nuclear reactor by irradiating an oxygen 
containing lithium salt with thermal neutrons, utilizing the °Li(n,t)a, 
*€O(t,n)*°F nuclear reactions. The +°F was recovered via various 
extraction?®®s?°9,11° or distillation’? techniques. Less complex 
recovery methods were required when a cyclotron was used to produce 
fluoride-18. The most common cyclotron production methods used 
helium-3 (3He)**? or helium 4 (*He)?°° irradiation of a water target 
or He, *He and deuteron (d)*?*271* bombardment of a neon target 
(Table II). The *8F could be simply eluted from the target with 
sterile water or normal saline. 

New synthetic intermediates and production methods for *°F were 
necessary to exploit the potential of 7°F labelled radiopharmaceuticals. 
Reactor produced *°F is generally available only as the fluoride anion 
because the quantitative oxidation of NCA ?®F is not practical??®. 
Thus the chemistry of reactor °F has been limited to nucleophilic 
substitution and addition reactions using reagents such as anhydrous 
hydrogen fluoride??°, tetrafluoroborates’*’, and metal fluorides*?. 
New fluorinating reagents such as crown ether-potassium fluoride 
complexes?+® and tetraalkylammonium fluorides**? have been prepared 
and their usefulness as nucleophilic fluorination reagents has been 


demonstrated!2°s121, Recently the preparation of XeF,-*°F, an 
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Target 
Nucleus 


16Q9 


169 


169 


189 


186 


20Ne 


20Ne 


20Ne@ 
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Common Nuclear Reactions for Fluorine-18 Production™**»*** 


Nuclear 
Reaction 


a,pn 


3He yan 


3He ,ap 


Product 


18Ne 


18Ne 


18Ne 


18F 


18F 


18F 


Q-value? 


MeV 


ohiS 


.003 


296 


BAe 


437 


«673 


«/ 96 


e200 


2097 


Threshold Energy” 
MeV 


39/95 


1. The Q-value of a nuclear reaction is the sum of the kinetic 
and radiant energies of the reactants minus the sum of the 


kinetic and radiant energies of the products*®. 


2. The threshold energy is the energy limit for an incident 
particle or photon below which a particular endothermic 
reaction will not occur?®. 
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electrophilic fluorinating reagent, by exchange between XeF, and 
tetrabutylammonium fluoride-18 has been reported???. 

The cyclotron and van de Graaff charged particle accelerators 
provide the most convenient means for the production of electrophilic 
fluorinating reagents. The majority of these reagents, including 
CF,0F??*, NOF, CIF and F21+* have been produced by addition of the 
appropriate carrier to the target gas prior to irradiation. The 
inert character of neon and ease of target gas handling have made the 
*°Ne(d,a)+®F reaction the production method of choice??*. The 
production of anhydrous ?°F reaction intermediates by the irradiation 
of neon with 3He and “He has also been investigated??*. 

The production of anhydrous 7°F has not been limited to positively 
charged particle accelerators. Electron linear accelerators have also 
been used to produce the high energy photons necessary for y induced 
nuclear reactions. No-carrier-added *°F can be obtained via the 
2°Ne(y,2n)7®Ne>?"F, 2°Ne(y,pn)7°F and *2Na(y,on)7°F nuclear reactions. 
The 7°F can then be converted into reaction intermediates as described 
for cyclotron produced *°F activity**°»**®. Carrier-added *°F can be 
produced by direct irradiation of fluorine containing compounds using 
the *5F(7,n)*8F nuclear reactions’?°. 

The direct synthesis of *°F labelled compounds in situ via either 
intramolecular conversion of 1°F to *°F, or recoil labelling by extra- 
molecular generation of 1°F has also been investigated. The synthesis 
of 1®F labelled simple chlorofluorocarbons for pulmonary inhalation 
studies was accomplished in 10-30% radiochemical yields using recoil 
18F from the 2°Ne(d,a)28F reaction’*’. Direct activation of intra- 


molecular 1°F in CF,C1 via the *°F(p,pn)*°F reaction resulted in 


Ari aN. hae seo 


ny EE we -aegaue 4, ena whe te vate | 

Waa) ot “ore aap siti ‘bri? ma lef I ed sf 

scam eed partie’ aay Zegna hak Set tonne, ft te sia a 

ant “Toruita te ye Nal arb. “i wr more: tie wi 

noreet hie’ wit Ne cecetbonayts M9000 art airing abn | 

“ae Rate egyEt po walp eeligte Dis. ait 16 at 2 

hoyle Pradet bation? wage pon owl “ph cutpebygting Yo seat out oo p | 

nels owl 2A RRs bl plow epee! cipnins TF 'evoy Visita a 
hedpiaw: ¢ Hat Veesoia ahora ae Ma oity eneborg a “ 0 

oe fy Hethnide otigde AT bali tiara cit “ors 9 

anotioret YwePauy 4° Mew) wet we “aertemajan’? Pal hi. 

NCTE ERD @e Soe CEH NE: Horo ont taiedonee wi rion ni * ue 

nd es VO lemme’, ae ein AME paubor conc na 

ont aw. ellen eeiey an ak ella rh rir oe thant my wi nn | 

| . Feaotage, net aur ee fa) 

North sey ucthe mk ebm Nn potty pris Lela beta ql i 

rkeg Ya: Rll todkt eos a pe Beye, , who wases , 
eh awedrih ery v<hesien went Ran j nats aa 


mt: 


s 


hui sdionet, crememitiig °|4 sini m 


» +i 
+ Nd - v Hoe, 7 ba e 


50 


radiochemical yields approximately one order of magnitude less than 
that observed with the recoil method??°, 

When a position specific label is required, direct activation of 
a fluorinated precursor provides a higher radiochemical yield of the 
desired product than recoil labelling via extramolecularly generated 
*8F129. Thus, the more promising approach is via the conversion of 
intramolecular *Feto=s heyviae the ?°F(neene Foo on thes °F (p.pn)-°ree® 
reactions. For example, the radiochemical yield of 5-[1°F]-fluoro- 
uracil was less than 1% when uracil was allowed to react with recoil 
‘8F atoms produced by the 7°Ne(d,o)?°F?%2?3° nuclear reaction. In 


comparison, direct activation of 5-fluorouracil using the ?°F(n,2n)+°F 


reaction gave the ?®F labelled compound in 8% radiochemical yield+?°. 


is Chlorine-34m 


There are four radioisotopes of chlorine that have sufficiently 
long half-lives to be useful as tracers in biology and medicine. 
Chlorine-34m (T4 = 32.0 min)?2 is of particular interest in nuclear 
medicine because it is a short-lived positron emitting radionuclide. 
The decay spectrum of *""C1 is complex due to contributions from °4C1, 
the short-lived daughter radionuclide of °""Cl, and from the excited state 
of °>"*S, the stable nuclide arising from °*C1l decay. Chlorine-34m 
emits a high yield (47%) of 0.145 MeV photons in addition to two Bits 
( both 26 % abundance ). The photon yield is increased a further 25 % 
by emmissions from decay of the excited state °*S and the daughter °"C1, 
contributes a third g ( 100 4 ) to the overall emission spectrum of 


341131. These properties make 34M™c] and attractive radionuclide for 
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PET (coincident 0.511 MeV y rays). Conventional single photon imaging 
(0.145 MeV y rays) is complicated by the high background caused by the 
high energy annihilation photons. 

Chlorine-34m may be produced by charged particle or fast neutron 
bombardment of the appropriate targets. High yields of low specific 
activity °*"C] can be obtained using either the 2°C1(n,2n)2""c1 or 
35€1(p,pn)?*"C1 nuclear reactions. The specific activity of the **™c] 
can be increased by separating it from the °°Cl. This has been 
accomplished traditionally by modifications of the Szilard-Chalmers 
technique***. The long-lived chlorine radioisotope, °°Cl, was prepared 
with high specific activity (555 MBq g~+ Cl) by Anbar and Netal?3 via 
the ?°Cl(n,y)*°Cl reaction using chlorobenzene as target material. 

The inorganic chloride was recovered as H?°Cl by distillation of the 
irradiated chlorobenzene in concentrated sulfuric acid. Machulla 

et al.+°* produced practically carrier-free °""C1 using a technique 
originally developed by Bell and Stoecklin’*°* for the production of 
36€]. The °#"c1 was produced via the ?°C1l(p,pn)2*"cl reaction using 
K,[ReCl,] as the target material. The hexachloro complex of Re was 
chosen because of its radiation resistance at high doses, producing 
only free ?®C1~- and [ReC15°°C1]~ after bombardment. In contrast, the 
organic chlorides decompose significantly at high radiation doses and 
complicate the separation techniques. The high specific activity of 
the **"C1 produced is attributed to the radiation stability of the 
[ReClg]= complex which is able to recombine very quickly with radio- 
lytically produced free Cl. This effect accounts for the low radio- 
chemical yields (15%) obtained after ion exchange chromatographic 


separation of the irradiation product**®. 
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Malcolme-Lawes??+ 


studied the effects of target composition on 
the yield of high specific activity °" Cl using the °°C1(n,2n)?*"c1 
nuclear reaction. Various alkyl chlorides were irradiated in poly- 
ethylene ampoules after which the inorganic °*"cl was separated from 
organically bound °*"C] by extraction into 0.1 N aqueous NaOH. The 
highest yields of inorganic °*"C1 were obtained when a mixture of 
chloroalkanes and nonhalogenated short chain alkanes were irradiated; 
this indicated that short chain chlorocarbons containing some hydrogen 
would be the most efficient target system for producing inorganic 
34MC]. Brinkman and Visser+3® and Black and Morgan??’ conducted 
Similar experiments in which glass ampoules were substituted for 
polyethylene. Qualitatively similar results to those of Malcolme-Lawes*?? 
were obtained where glass ampoules were used, however the absolute yield 
of inorganic chloride increased for each substrate studied. 

Zatolokin et al.1*° compared the thick target yields of **"Ccl1 
produced by irradiation of natural isotopic abundance phosphorous, 
sulphur and chlorine targets with proton, deuteron, helium-3 or 
helium-4 (alpha) particles. The authors were interested in the 
technique as an analytical tool, rather than as a radiochlorine 
production method so no attempt was made to recover the °""C1 from 
the target materials. The highest yield of °*"C1 was obtained by 


proton irradiation of chlorine, followed by alpha and proton 


irradiation of sulphur. 
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54 
A. Materials 


1. Solvents and Reagents 


The solvents used for both preparative and analytical enponecoareony 
were reagent grade and were glass distilled prior to use. Reagent grade 
dioxane and dimethylformamide were dried over calcium hydride at reflux 
temperature. Benzene was dried over sodium wire at reflux temperature. 
The dry solvents were stored in amber bottles over molecular sieves 
(3A, Lindeman) or used immediately after distillation. Trifluoroacetic 
acid and trifluoroacetic anhydride (Aldrich) were used as Minptiede 

Sodium iodide, potassium iodide, sodium bicarbonate, sodium 
chloride, calcium chloride and potassium bromide were reagent grade. 

The inorganic salts were dried at 200°C and stored in vacuo at 80°C 
until use. 

The samples of authentic nucleosides and organic reagents were 
analyzed by 7H nmr and mp determination to confirm their identity and 
purity. Uracil and 2'-deoxyuridine were purchased from Nutritional 
Biochemicals. Uridine, 6-chloro-2,4-dimethoxypyrimidine, 2,2'-cyclo- 
cytidine hydrochloride and diphenylcarbonate were obtained from 
Aldrich. Authentic samples of 2'-fluoro-2'-deoxyuridine, 2'-fluoro- 
2'-deoxycytidine and 2'-chloro-2'-deoxyuridine were gifts from 


J.R. Mercer and 2'-bromo-2'-deoxyuridine was a gift from Y.W. Lee. 
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oe Radionuclides and Radiochemicals 


The radiochemical purity of the commercial products was determined 
by the specific chromatographic techniques described by the manufacturer. 

Chlorine-36 (°°C1) was purchased (New England Nuclear) as an 
aqueous solution of hydrogen chloride (14.4 MBq ml~?, 159 KBq mg™? of 
chloride). 

Iodine-125 (*?°I) was purchased (Edmonton Radiopharmaceutical 
Center) as a no-carrier-added aqueous solution of 0.1 N sodium 
hydroxide (3.7 GBq ml-+). The radionuclidic purity was confirmed 
by analysis of the gamma ray spectrum (Tracor Gamma Trac 2200) for 
additional gamma peaks. Only the singles peak at 27 KeV and the 
coincidence peak at 58 KeV, consistent with the expected scm | 
spectrum*?°?, were observed. 

6-[3H]-Uridine (777 GBq mmol-*, 37 MBq ml~*) was purchased as an 
aqueous solution from Amersham Corporation (Oakville, Ontario). 
2-[**C]-Uridine was purchased from either Moravek Biochemicals (2.03 
GBq mmol~?, 1.85 MBq ml~?) or Amersham Corporation (1.96 GBq mmol~?, 
1.85 MBq ml~?). 6-[3H]-2'-Deoxyuridine (925 GBq mmol~*, 37 MBq ml1~?) 
was purchased from Amersham Corporation. 6-[?H]-2'-Fluoro-2'-deoxy- 
uridine (42.6 GBq mmol~?) was obtained as a gift from J.R. Mercer or 
prepared as described in section III.C.2.a. Tritiated water was 


purchased from Amersham Corporation (4.33 x 10° dpm g™+). 
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B. Instrumental] 


1. Chemical Analysis 


Melting points (mp) were determined with either a Blichi capillary 
apparatus or a Fisher-Johns hot plate apparatus and are uncorrected. 
Proton magnetic resonance (7H nmr) spectra were recorded with 
deuterated dimethylsulfoxide as solvent and tetramethylsilane as 
internal standard using a Varian EM-360A spectrometer. Coupling 
constants are reported in Hertz (Hz). Mass spectra (ms) were measured 
with an AEI-MS-9 mass spectrometer. Exact mass measurements were used 
to determine elemental composition. Ultraviolet (uv) spectra and uv 


standard curves were obtained using a Unicam SP-1800 spectrometer. 


2. Chromatographic Analysis 


Reverse phase high performance liquid chromatography (rp-hplc) was 
performed using either a Hewlett-Packard or Tracor 994 solvent delivery 
system coupled to a Unicam variable wavelength uv spectrometer and a 
Waters uBondapak C-18 (3.9 mm x 300 mm) reverse phase column. Merck 
Lobar™ sitica gel columns (25 mm x 270 mm or 37 mm x 400 mm) were 
used for normal phase liquid chromatography. For the Lobar system 
solvent was delivered under positive pressure (helium) and the effluent 
was monitored with a Unicam variable wavelength uv spectrometer. 

Column effluent radioactivity was monitored with either a Berthold 
BF 2025 flow detector or by collection of individual samples. The 
samples were analyzed by gamma spectroscopy (NalI(T1) or Ge(Li)) or 


liquid scintillation counting (lsc). 


wet Ee. TD co eee Pa sid tie vant "o bb: os - er) mids gals 
heise de bin cusp a eg fs fd , a 
hw babvosey ota aA ca? a anonaaay sit wt ie 

2b goede Puphadiartay AM sats ith, Abn PTO viet 3 
eH oat arate vc 
banumeon aii (a) ator: cet? 4a sata en me 
nec. SW 22 Se . 
yo bh entree (ww) lato eT elena ys 
ne (9 ORe' tO aa OOP i «Ng ‘im r bi ft sa ‘aes tes ng! 


oni hauod: .veremer age 


2 : . { in ene r i ier? ! 


dau Co Liyteyy) satin temo 1%) it 4 
ace sbi sinawte pee ean nig pinged 
& Uke Aes enorescnitge wi aga 9 ah 
iia antaited Seis sever ~ a Kee } 


arated) % ay oy A yin | i 
aw (iia. oy ee wo fe Fa fe sate Boa) 
res oe Mah sh 2 eek i 


| Denied slats are aN scorioahite ‘ i 
f drayl tts oat tive C diag! Fast): SHLD | w¥ty ee ; 
yet ae pod Vi dQ tw vRW vreatin hd 


; bel hone a ‘juapltin lat heey rae a , 
pitt aed Hapity tien a, Gea 

¥ was ot al % ” Air jell) coset 

i : ) 


S)/ 


Analytical thin layer chromatographic (tlc) separations were 
performed using precoated silica gel plates (Whatman MK-5 1 in x 3 in 
or Merck 50 mm x 75 mm) impregnated with shortwave uv indicator. Small 
scale preparative tlc was performed on prepoured silica gel plates (20 cm 
x 20 cm x 0.25 to 2.0 mm in thickness; Merck or Whatman). The chromato- 
graphic bands containing the components of interest were visualized 
with uv, removed from the plate and extracted with either methanol or 
the development solvent. The silica gel was removed from the solvent by 
either centrifugation or filtration. 

Large scale preparative chromatographic separations were’ performed 
on an Hitachi centrifugal chromatograph (cc) coupled to a fixed 
wavelength uv (254 nm) detector. Thin layer chromatographic grade 
Silica gel (Camag, Berlin, FRG) was used for the cc separations. 

| Paper chromatography was performed using Whatman number 1 
chromatography paper (15 mm x 200 mm). 

Radiochromatograms of y emitting radionuclides were qualitatively 
analyzed with either a Berthold gas flow scanner or a custom built 
instrument using a collimated sodium iodide crystal (NaI(T1)). 

Quantitative analyses were obtained by triangulation of the peaks 
on the chromatogram trace or by dividing the chromatogram into 
individual sections and counting each sample directly. The radioactive 
components of chromatogram sections containing beta emitting nuclides 
were eluted by addition of 250 ul of water directly to the sample in 
a lsc vial. The samples were then dissolved in a water-compatible 
fluor, and counted by Isc. 

To ensure reproducibility, and to avoid anomalous chromatographic 


behavior, all high specific activity samples were first diluted in 
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methanolic solutions of authentic standards before tlc analysis. Low 
specific activity samples requiring larger sample volumes (2-5 ul) for 
adequate count rates during subsequent analyses, were applied as a row 


of spots rather than by reapplication over the original spot’*°. 


3. Gamma and Liquid Scintillation Spectroscopy 


Gamma emitting samples containing more than 37 KBq were 
analyzed with a Capintec dose calibrator. The absolute activity 
of analytical samples was determined with a calibrated multi-channel 
spectrometer and Ge(Li) detector. Large numbers of samples ae 
counted with either a Tracor TN-11 high resolution gamma spectrometer, 
a Tracor Gamma Trac 2200, or a Beckman 8000 automatic gamma spectro- 
meter. 

Beta emitting nuclides were counted with either a Berthold BF500, 
a Beckman LS9000, or a Tracor Mark III automatic liquid scintillation 
Spectrometer. All samples were dark and temperature adapted for 24 
hours before counting, unless otherwise stated. 

Quench correction curves for Isc were prepared by accurately 
pipetting a known volume of calibrated standard of the appropriate 
radionuclide into a series of Isc vials containing unquenched fluor. 
The samples were counted to determine the precision of pipetting, and 
those samples deviating from the mean by more than 2.5% were rejected. 
The samples were then quenched by the addition of increasing volumes 
of solubilized tissue which was prepared following the same protocol 
used to prepare the unknown samples. Quenched background samples were 


also prepared with different volumes of solubilized tissue, omitting 
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same conditions as the unknowns. 
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60 
Methods 
Radionuclide Production 
Target Preparation 


i. Gas Targets for Fluorine-18 and. Chlorine-34m Production 


The gas target jackets were machined from either copper 
Heals lbs steel and were fitted with liners prepared from 
either quartz, teflon, aluminum or stainless Bree a. The 
jackets and liners were rigorously cleaned using a series of 
aqueous and organic solvents before drying at 105°C for at 
least four hours. Valves were constructed from stainless steel 


ve and tubing was either teflon or stainless steel if 


or Monel! 
contact with hydrogen fluoride or fluorine was intended. All 
components were cleaned and dried as above. 

The target system was assembled while the components were 
still hot, and pressure tested for leaks with neon. The 
system was then dried in vacuo (< 0.1 Pa) at 50-80°C for 
at least 18 hours. The target system was then used directly 
without further treatment. In some cases the target was 
passivated (to decrease the surface reactivity) to fluorine 
by filling it to 150 kPa with anhydrous hydrogen fluaride (25- 
100%) in neon and heating at 110°C for 48 hours prior to use. 


The target gas was separated from the vacuum of the 


cyclotron beam tube by a 22 yu Havar foil. The target 
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temperature was regulated with chilled recirculating methanol 


or water. 


ii. Solid Targets for Fluorine-18, Chlorine-34m and Iodine-123 
PROGUCEIONAMm. tr 8i 20 he ee any 
Solid targets were prepared by compressing approximately 
200 mg of the target material into a disk. The disk was 
mounted in a stainless steel target holder during irradiations. 
The target was isolated from the beam tube and the temperature 


was regulated as described above. 


De Production of Fluorine-18 


gt 
ie we OCeeR MES NGAS ace 

Fluorine-18 was produced, using the title reaction, by 
two methods. A solid target was prepared from tantalum 
pentoxide (Ta20s5) powder. The 28 MeV (incident energy) 2He 
particles were attenuated to approximately 17 MeV with a 308 u 
aluminum foil window. A stream of helium gas (300-500 ml 
min7+) was swept across the solid target to carry the *°Ne 
released from the target matrix into a series of traps 
containing anhydrous hydrogen fluoride in dioxane (5%) or 
1.0 N aqueous sodium hydroxide. The trapped radioactivity 
was quantitatively and qualitatively analyzed with a 


Ge(Li) detector. 
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A second production method used a gas target system. The 
oxygen target gas was dried by passage through anhydrous 
calcium chloride before the target was filled. The target 
pressure was maintained at 200 kPa above atmospheric pressure 
and a flow rate of 300 ml min-* of target gas was employed 
during irradiation. The target gas effluent was passed 
through two scrubber traps in series containing 1.0 N aqueous 
sodium hydroxide and 1% aqueous sodium iodide respectively. 


The trapped radioactivity was characterized as described above. 


Inet) a), > SOCeHana or 


Lithium carbonate (2 g) enriched to 95% °Li (Oakridge) 
was irrddlatedsat -amtiluxsof)5xul0'* n. cm)? $s) 7 at the 
Heidelberg Triga II reactor. The irradiated lithium carbonate, 
and carrier potassium fluoride, were transferred to a teflon 
container maintained at 200-250°C. Concentrated sulphuric 
acid was added slowly to the hot container. The hydrogen 
fluoride-18 evolved was carried in a stream of helium gas 
through heated teflon tubing to a teflon-lined reaction vessel 
where it was trapped in a solution of 2,2'-cyclouridine in 
dioxane. The accumulation of radioactivity in the reaction 
vessel was monitored with a survey meter and collection was 
terminated when no further increase was apparent. The activity 
collected was quantitated in a dose calibrator and analyzed 


qualitatively with a Ge(Li) detector. 
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iii. 2°Ne(d,a)?°F 


Sodium fluoride-18, produced via the ?°Ne(d,a)+°F 


reaction, was prepared routinely as an aqueous solution in 


normal saline or distilled water intended for clinical use. 


The target system consisted of a quartz liner which was 


filled with enough normal saline or water to cover the 


liner surface. The linter was rotated on its longitudinal 


axis during the irradiation. This design enabled the 72°F 


Figure 3. 


Target System for Routine Production of *® F for 
Clinical Uset**. 

1) Beam pipe; 2) collimator; 3) heat exchanger for 
foils; 4) foils; 5) target; 6) water cooling; 

7) quartz tube; 8) magnetic rotation system; 

9) pressure gauge; 10) solvent solution; 11) remotely 
operated valve; 12) isotonic saline solution; 

13) injection pump;. 14) millipore filter; 

15) evacuated sterile vessel; 16) electronic control; 
17) pump for heat exchanger; 18) heat exchanger; 

19) thermostat. 
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to be washed from the walls during the irradiation and 
removed from the target immediately after bombardment 
(Rigurems)t it}. 


Figure 4 illustrates the gas target and recovery system 


that was developed for the production of anhydrous hydrogen 


Figure 4, 


Recovery System for Anhydrous Hydrogen Fluoride-18. 


1) target; 2a-f) two-way valves; 3) *°F trap and 
reaction vessel; 4) survey meter; 5a,b) silica-gel 
traps; 6) aqueous NaOH scrubber; 7) rotameter; 

8) waste gas bag; 9) Ne target gas drying columns; 

10) Ne (99.99% pure); 11) anhydrous hydrogen fluoride 
(HF, 99.9%); 12) anhydrous HF in Ne; 13) lead shielding 
for (4). 
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fluoride-18. The system was constructed from stainless steel 
and teflon which are resistant to anhydrous hydrogen fluoride 
and elemental fluorine. This construction also allowed the 
target to be dried in vacuo by flaming with a bunsen burner 
when necessary. The reaction vessel (3) which also served 
as the first collection flask, could be isolated by valves 
(2a,b,c and d) from the system, and removed to a hot cell 
for further processing without altering the integrity of 
the target or exposing personnel to airborne 7*°F. The 
target gases (200-400 kPa above atmospheric pressure) 
could be vented into the reaction vessel (3) containing a 
suspension of 2,2'-cyclouridine in dioxane and a secondary 
series of traps (5a,b and 6), through a gas flow rotameter 
(7) and into a waste gas storage bag (8). The collection 
vessel was monitored for recovered ‘°F with a shielded 
survey detector (4). Pure neon (10) or neon containing 
carrier anhydrous hydrogen fluoride (1-10% v/v) (12) was 
passed through the target, into the collection system, until 
no increase in the collection vessel (3) radiation field was 
noted. 

The recovered radioactivity was analyzed quantitatively 
in a dose calibrator and qualitatively with a Ge(Li) 


detector. 
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a. Production of Chlorine-34m 


eeei (pipes "Gi 


A solid target was prepared from natural abundance 
magnesium chloride (2°C1l =75.77%)°° and irradiated with 
22 MeV protons. The target was cooled with methanol (-20°C) 
and isolated from the cyclotron beam tube vacuum with a 
22 uw Havar foil window. 

After irradiation, the pellet of magnesium chloride 
was crushed and quantitatively recovered in methanol for 
further chemical workup, as described in section III.C.2.d. 
Aliquots of the irradiated target were analyzed with a 


Ge(Li) detector to quantitate and characterize the product. 


2*S (pantie Glands: *Sid. eno MC) 


The target system (Figure 5) consisted of a glass lined 
cylinder (2), separated from the beam tube vacuum with a 
22 u Havar foil, connected by teflon tubing to an anion 
exchange column (5). After irradiation, the hydrogen 
sulfide was passed through the anion exchange resin, where 
the °*"c1 was trapped. The flow rate (50 ml min™?) was 
monitored with a gas flow rotameter (6) located after the 
anion exchange resin. The closed system was completed 
with an evacuated waste gas collection bag (7) to trap 


the effluent hydrogen sulfide. The ion exchange resin 
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could be isolated by Quick Connectors ™ (4a,b) and removed 
from the collection system. In this way, volatile radio- 
activity was retained within the target and the trapping 


system. 


3b 


Figure 5. Target ed for °*"C1 Production. 


1) target; ) glass ales) 3a ,b) two-way valves; 
4a,b) quick eee eal anion exchange resin; 
6) gas flow rotameter; 7) ae gas bag; 

8) hydrogen sulfide cylinder. 


The trapping system consisted of an anion exchange column 
connected via a stainless steel needle valve to the glass 
sleeve. The Dowex 21-K anion exchange resin (4.5 mEq g* dry 
weight) was prepared by exchange with 1.0 N aqueous hydro- 
chloric or acetic acid and washed with distilled water. The 
resin was washed with absolute ethanol and dried in vacuo 


over silica gel-phosphorous pentoxide at ambient temperature. | 
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The ion exchange column was packed in teflon tubing under 
vacuum to a uniform density of 4.7 mg dry resin per cm of 
tubing. An aliquot of the irradiation product was 


characterized with a Ge(Li) detector. 


Production of Bromine-82 


Bromine-82 labelled compounds were prepared as described by 
Lee et al.*** by neutron activation. The precursors contained _ 
natural abundance bromine (°*Br=49.31%)3* and were irradiated at 


a neutron flux of 10+? n cm7? 


s-+ for up to four hours at the 
University of Alberta Slowpoke Facility (UASF). 

The total amount of °?Br and contaminating °°"Br/® Br 
arising from competing nuclear reactions was calculated from the 


formula: 


guia 


A = No, o(1-e Equation 3 


where N is the mass of the irradiated isotope in terms of 
Avogadros number, O,, is the thermal neutron cross section 
(n,y reaction) of the irradiated isotope in barns, o is the 
neutron flux in n cm~? s7*, A is the decay constant of the 
radionuclide produced and ae is the length of time of 
irradiation of the sample. 

The presence of ®° Br and °°Br contamination was monitored 
by analysis of the gamma ray spectrum (Tracor Gamma-Trac 2200) 


of the product. 
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Production of Iodine-123 


Iodine-123 (**°I) was prepared as described by F. Helus 
et al.*** with minor modifications. The ?*°I, produced by the 
12*Te(p,2n)**3I nuclear reaction, was sublimed from the tellurium 
oxide (86.71% enriched 1**Te, Oak Ridge, USA) at 750°C and collected 
in a stream of oxygen (10 ml min?) on a liquid nitrogen cooled 
cold finger of either quartz, copper or gold. The **3I was removed 
from the cold finger by halide exchange with a methanolic solution 
of either sodium iodide or sodium chloride. The major radionuclidic 


impurities, determined with a Ge(Li) detector, were 7771 (0.84%) 


and 12"I (1.23%) calculated to the end of irradiation. 


Synthesis 


The procedures employed for the synthesis of the 2'-halo-2'- 


deoxyuridine analogues were modifications of the methods reported by 


Codington’*, Cushley*® and Thelander®?. Synthesis of 2'-fluoro-2'- 


deoxycytidine was accomplished by the method of Mengel and Guschlbauer?°°. 


2,2'-Cyclouridine was prepared by the method of Hampton and Nichol?°, 


The 6-halouracil analogues were synthesized as described by Horwitz 


and Tomson ®*, 


2'-Fluoro-2'-deoxyuridine (2'-FUdR) 


1, Reaction of Anhydrous Hydrogen Fluoride with 2,2'-Cyclouridine 


Anhydrous hydrogen fluoride (6.8 mmol) diluted with neon 


was passed through a suspension of 2,2'-cyclouridine (31.5 mg, 
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0.139 mmol) in anhydrous dioxane (22 ml) in a teflon-lined 
stainless steel reaction vessel. The reaction mixture was heated 
at 175°C (oil bath temperature) for 140 minutes. An aliquot 
(0.9 ml) was diluted with distilled water and titrated with 

0.1 N sodium hydroxide to determine the unreacted hydrogen 
fluoride concentration. The remaining solution was treated 

with aqueous calcium carbonate until the evolution of gas had 
ceased and was then filtered. The solvent was removed in vacuo 
at 40°C, and the residue was purified by preparative silica gel 
tle (20x20 cmx1.0 mm in thickness) using chloroform-ethanol 
(4:1 v/v) as the development solvent. The uv band corresponding 
to authentic 2'-fluoro-2'-deoxyuridine (2'-FUdR) (Rr =0.54) 

was eluted with absolute ethanol to yield the title compound 
(15.6 mg, 46%). +H nmr (DMSO-d,) 6: 3.45 [3H, m, C,'-H and 

26) Ca taHy). 5.02) (1H... dtd 


Cs'-H], 4.14 [1H, m(d = 52) of m, 


aie ORs 
Co'-H], 5.66 [1H, d(Js\¢=8), Cs-H], 5.89 [1H, d(J,, -=18) 


of d(Ji' 2: =2), Ci'-H], 7.88 fell. Alec S).s C.-H]. 


Reaction of Anhydrous Hydrogen Fluoride-18 with 2,2'-Cyclo- 


uridine 


The hydrogen fluoride-18, generated as described in 
section III.C.1, was trapped on-line in a suspension of 
2,2'-cyclouridine in dioxane. A teflon-lined stainless steel 
vessel served as both the reaction vessel and the trap. An 
aliquot of the reaction solution was diluted with water and 


titrated with 0.1 N sodium hydroxide to determine the amount 
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of unreacted hydrogen fluoride. The remaining reaction volume 
was treated with an aqueous suspension of calcium or barium 
carbonate. The supernatant was filtered and the solvent was 
removed in vacuo. The residue was redissolved in water and 
passed through a minicolumn of either lanthanium fluoride on 
DEAE cellulose (5% w/w) or aluminum oxide to remove the free 
fluoride-18. The identity and radiochemical yield of the 
product was determined by silica gel tlc, rp-hplc or prepara- 


tive silica gel column chromatography (Merck B column). 


Reaction of Anhydrous Hydrogen Fluoride with 6-[3H]-2,2'- 


Cyclouridine 


A methanolic solution of 6-[3H]-2,2'-cyclouridine (3.07 
MBq, 4.9 umol) was evaporated to dryness in a teflon vial 
under a stream of nitrogen, then dried in vacuo (< 0.13 kPa) 
at ambient temperature for 24 hours. The residue was dissolved 
in anhydrous dioxane (1.3 ml) and the solution was saturated 
with anhydrous hydrogen fluoride which was bubbled into the 
solution through a rubber septum. The rubber septum was 
replaced with a teflon cap and the sealed vial was placed in 
a stainless steel reaction vessel containing 1.0 ml dioxane, 
to equilibrate internal and external pressure, and heated at 
110°C for 15 hours. The straw colored reaction mixture was 
treated with aqueous calcium carbonate until the evolution of 
carbon dioxide had ceased. The suspension was filtered and 


the solvent removed in vacuo. The residue was purified by 


SBM ‘tile oe wine 
bee on Oe yf ae ee iy bs 


iced ASP Ou TA | iit te He ve 


ue 


ee GH nee ah 
1) oa Hiaty Dad ign vA nee 
VE OM SP iae 


Be iy Ww, i > 
1 AE Gaae TD 


sail — “ ahs 
i it ft | Ay, a cian’, a ey ae 
Lips ta ienrqeanirne ued ; 


10, Ey anit Mare pe As Rs 


‘eeu Oe a ‘ak 
\ ie te Bibs Ai my Guany wt Avy 


Bes Brey Thing saree 


ey hee fogeth Pew, ‘Oyne p ide His vale swf 


td 8 ss om Toke Hebets « af 


Jif 


preparative silica gel tlc using chloroform-ethanol (4:1 v/v) 
as the development solvent. The chromatographic band 
migrating with authentic 2'-FUdR was eluted and rechromato- 
graphed using chloroform-dioxane-methanol (8:6:3 v/v) as the 
development solvent. The band co-chromatographing with 
Standard 2'-FUdR was eluted with methanol to give 6-[3H]-2'- 
fluoro-2'-deoxyuridine in 19.2% (0.59 MBq) radiochemical yield. 


The specific activity was calculated to be 21.67 MBq mmol~*. 


2'-Fluoro-2'-deoxycytidine (2'-FCdR) 


Reaction of Potassium Fluoride with 2,2'-Cyclocytidine 


Hydrochloride in the Presence of Dicyclohexy1-18-Crown-6 


Potassium fluoride (496 mg, 8.55 mmol) was dried in vacuo 
at 160°C for 12 hours and 2,2'-cyclocytidine hydrochloride 
(140 mg, 0.532 mmol) was dried in vacuo (< 0.1 Pa) at 
ambient temperature for 72 hours. Dicyclohexy1-18-crown-6 
(202 mg, 0.543 mmol), anhydrous benzene (20 ml) and anhydrous 
dimethylformamide (20 ml) were added to the dry potassium 
fluoride under a helium atmosphere, and the solution heated 
at 130°C. When the benzene azeotrope had been collected 
(80 min), dry 2,2'-cyclocytidine hydrochloride was added and 
the reaction mixture was heated under reflux for 5.5 hours. 
The solvent was removed in vacuo and the residual 0i1 adsorbed 
onto a slurry of silica gel and chloroform. This material was 


added to a slurry-packed silica gel column and eluted with a 
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stepwise solvent gradient from chloroform (250 m1) to 
chloroform-methanol (3:2 v/v). Fractions 15, 16 and 17 

(15 ml) were combined to give 2'-fluoro-2'-deoxycytidine in 
52.7% (69 mg, 0.281 mmol) chemical yield. 7H nmr (DMSO-d, ) 
Ss003700) (3H, m,:Cs'-H and C,H v4 14) Lik m(J3, -=20), 


Ca'-H], 4.90, [1H, d(J,, -=54) of d(do:,31=4) of d(dp' 11 =2), 


feels 
Cor -Hd, (o.e0" [LHS WJer_oy 514 = 4)> Cs'-0H, exchanges with 


deuterium oxide], 5.62 [1H, d(J =6), C3'-0H, 


3'-0H,3'-H 
exchanges with deuterium oxide], 5.82 [1H, d(Js,.=8), Cs-H], 


oeoo bth, d(J 1G) Of CW wie wearc eect? cl 


Led 
and 7.38 [2H, C.y-NH2 exchanges with deuterium oxide], 


7.92 (ils d(Js,¢=8), C.-H]. 
or 6-Chlorouraci 1 


i. Demethylation of 2,4-Dimethoxy-6-chloropyrimidine 


A solution of 2,4-dimethoxy-6-chloropyrimidine (5.89 g, 
33.7 mmol) in glacial acetic acid (450 ml) and 2.0 N hydro- 
chloric acid (65 ml) was heated under reflux for 45 minutes. 
Removal of the solvent in vacuo at 45°C afforded a yellowish 
solid which was recrystallized twice from water to give 
6-chlorouracil as fluffy white crystals, mp 295-298°C (dec), 
lit. 298-300°C (dec)®* (3.587 g, 72%). +H nmr (DMSO-d,) 6: 
5.73 [1H, s, Cs-H], 11.24 [1H, s, Ni-H exchanges with deuterium 
oxide], 12.00 [1H, s, N,-H exchanges with deuterium oxide]; 
exact mass calculated for CyH3N.0,°°C1: 145.98825; found 


(high resolution ms): 145.98736. 
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Calcium Chloride Exchange of 6-Iodouracil 


Anhydrous calcium chloride (2.76 mg, 0.025 mmol) and 
6-iodouracil (17.7 mg, 0.074 mmol) were suspended in dry 
dimethylformamide (50 ul) in a sealed glass pressure vial. 
The suspension was heated at 140°C with gentle intermittent 
agitation until the mixture became homogeneous. The solution 
gradually changed color and formed a red-brown precipitate 
after 60 minutes. The yield of 6-chlorouracil, determined by 
quantitative rp-hplc (water-methanol 49:1 v/v), was 77.4% 
(5.69 mg, 0.039 mmol). Product identity was established by 
cochromatography with authentic 6-chlorouracil on silica gel 
tle using chloroform-ethanol (4:1 v/v) as development solvent 


and rp-hplc (as above). 


Calcium Chloride-36 Exchange of 6-Iodouracil 


Calcium hydroxide (13.26 mg, 0.179 mmol) was titrated 
directly in the reaction vial with an aqueous solution of 
[°°C1]-hydrogen chloride (1.88 MBq, 0.323 mmol). The vial 
was sealed, agitated until the calcium hydroxide had dissolved 
and the water was then removed in vacuo at 85°C. 6-Jodouracil 
(79.2 mg, 0.333 mmol) and dry dimethylformamide (200 ul) were 
added to the anhydrous calcium chloride-36. The suspension 
was heated at 152°C for 30 minutes, at which time analytical 
tlc (silica gel) using chloroform-ethanol (4:1 v/v) indicated 
that 77% of the °°Cl activity was associated with the 6-chloro- 


uracil standard. The residual activity remained near the 
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solvent front. 6-[°°C1]-Chlorouracil was separated from 
unreacted 6-iodouracil and calcium chloride-36 by preparative 
cc (5 mm silica gel disk) with a solvent gradient elution from 
100% chloroform to chloroform-ethanol (3:2 v/v). Fractions 25 
through 35 (50 ml) were combined and the solvent was removed 
in vacuo. The residue was redissolved in water and passed 
through a AgCl-cellulose column to remove chloride-36 
contamination, which gave a final radiochemical yield of 


31.6% (0.59 MBq). 


d. 2'-Chloro-2'-deoxyuridine (2'-C1UdR) 


i. Reaction of Sodium Chloride with 2,2'-Cyclouridine 


Sodium chloride (2.63 g, 44.58 mmol), 2,2'-cyclouridine 
(1.02 g, 4.50 mmol) and trifluoroacetic acid (5.0 ml, 66.6 
mmol) were stirred in dry dimethylformamide (15 ml) at 130°C for 
20 minutes. The reaction mixture supernatant was poured into 
cold diethylether (75 ml) giving a white precipitate which 
was recrystallized from methanol to yield 624 mg (2.38 mmol, 
52.9%) of 2'-chloro-2'-deoxyuridine (2'-C1UdR), mp 206-207°C, 
lit. 207-2127*. The reaction mixture residue was dissolved 
in methanol and the products were separated by preparative 
cc (5 mm silica gel disk) using a solvent gradient from 
chloroform (100%) to chloroform-methanol (2:1 v/v). 

Fractions 12, 13 and 14 (50 ml) contained 2'-C1UdR (*H nmr 


and tlc), fractions 16, 17 and 18 contained ara-U (identical 
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by *H nmr and tlc with an authentic sample) and fractions 

20 through 26 contained 2,2'-cyclouridine (tlc). 7H nmr 
(DMSO-d,) 6: 3.62 [2H, s(broad), Cs5:-H], 3.96 [1H, m, 

Cyu'-H], 4.18 [1H, m, collapses to a triplet after deuterium 
oxide exchange (Jor gs =J3t iy! 5) enGoi eh edt ose 01s 

tCda Mew dai" 31 = 5), Coueh)s b5220h1Hs#broadys,oCes=0Hs 
exchanges with deuterium oxide], 5.65 [1H, d(Js,.=8), Cs-H], 
S86 GTH: d(J31_oy 3! =5), C,'-0H, exchanges with deuterium 
oxides <5: 99v Ell adtJpi-a" =6 jemand wate Lin ed(Js.<¢=8). 
Ce-H]; exact mass calculated for C9H1i1N205°°Cl: 262:0358; found 
(high resolution ms): 262.0367; exact mass calculated for 
CgH1iN205°’Cl: 264.0327; found (high resolution ms): 

264.0363. 


Reaction of Sodium Chloride-36 with 2,2'-Cyclouridine 


An aqueous solution of hydrogen chloride-36 (3.18 MBq, 
20.52 mg, 0.56 mmol) was titrated with aqueous 10.0 N sodium 
hydroxide (55 ul, 0.55 mmol) directly in a glass pressure vial. 
The water was removed in vacuo at ambient temperature and the 


contents were dried in vacuo at 1/0°C for 2 nours. A solution 


of 2,2'-cyclouridine (123 mg, 0.54 mmol) in anhydrous 
dimethylformamide (5.0 m1) and trifluoroacetic acid (50 ul, 
0.65 mmol) was added and the reaction was heated at 163°C for 
30 minutes. The solvent was removed in vacuo and the reaction 
mixture was purified by preparative cc using a solvent gradient 


of increasing proportions of methanol in chloroform. Fractions 
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24 through 28 (50 ml) afforded the desired 2'-£35C1]-C1UdR 

in 29.8% (43.0 mg, 0.164 mmol) chemical yield and 29.4% 

(0.93 MBq) radiochemical yield as determined by rp-hplc 
(methanol-water 1:19 v/v). The theoretical specific activity 
was 5.66 MBq mmol~*; the observed specific activity was 

5.46 MBq mmol~*. The product was identified by cochromato- 
graphy with an authentic sample by silica gel tlc using 
chloroform-dioxane-methanol (8:6:3 v/v) and chloroform- 


ethanol (4:1 v/v) and rp-hplc (methanol-water 1:19 v/v). 


Reaction of Magnesium Chloride-34m with 2,2'-Cyclouridine 


A suspension of magnesium chloride-34m (~ 2.10 mmol, 
19.26 MBq) in methanol was evaporated to dryness at 160°C 
under .a stream of helium. A solution of 2,2'-cyclouridine 
(12.6 mg, 0.056 mmol) in anhydrous dimethylformamide (3 m1) 
and trifluoroacetic acid (325 ul, 4.2 mmol) was added to the 
magnesium chloride-34m and the suspension was heated at 160°C 
for 15 minutes. The reaction mixture was eluted with methanol 
from a mini column of aluminum oxide prior to purification by 
preparative silica gel tlc using chloroform-ethanol (2:1 v/v) 
as the development solvent. The product which cochromato- 
graphed with authentic 2'-C1UdR was recovered in 55.8% chemical 
yield (8.19 mg, 0.031 mmol) as estimated from rp-hplc. The 
TH nmr spectrum and tlc Re values were identical with an 


authentic sample. 
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The 2'-[°*"C1]-C1UdR was recovered in 2.7% (0.52 MBq) 


radiochemical yield (calculated at the end of irradiation). 


Reaction of Dowex 21-K Chloride with 2,2'-Cyclouridine 


Dowex 21-K anion exchange resin (33.9 mg, 0.152 mmol 
of chloride anion) and 2,2'-cyclouridine (32.5 mg, 0.144 
mmol) were suspended in anhydrous dimethylformamide (3.0 ml). 
Trifluoroacetic acid (15 ul, 0.20 mmol) was added and the 
reaction was stirred at 160°C for 60 minutes. Reaction 
progress was monitored by rp-hplc analysis of aliquots 
(20 ul) taken during the course of the reaction. The final 
product was purified by preparative tlc with chloroform- 
ethanol (4:1 v/v) as development solvent. The ?H nmr 
Spectrum and tlc Re values were identical with an authentic 


sample. 


Reaction of Dowex 21-K Chloride-34m with 2,2'-Cyclouridine 


Approximately 3 cm (equivalent to 0.063 mmol chloride) 
of the ion exchange trapping column labelled with 19.07 MBq 
of 3*Mc] was added to a solution of 2,2'-cyclouridine 
(13.0 mg, 0.058 mmol) in anhydrous dimethyl formamide 
(1.2 ml).  Trifluoroacetic acid (0.026 mmol) was added 
to the suspension and the reaction mixture was stirred at 
140°C for 15 minutes. The progress of the reaction was 


monitored by silica gel radio-tlc with chloroform-ethanol 
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(2:1 v/v) as the development solvent. The radiochemical 
yield was calculated to be 22.2% (4.26 MBq) with a specific 
activity of 0.304 GBq mmol ? (calculated at the end of 


irradiation). 


Reaction of Calcium Chloride with 6-[2H]-2,2'-Cyclouridine 


A methanolic solution of 6-[3H]-2,2'-cyclouridine (2.87 
MBq) was evaporated to dryness directly in a glass pressure 
reaction vial under a stream of nitrogen gas at ambient 
temperature. Anhydrous calcium chloride (1.9 mg, 17.0 umol) 
was added, and the vessel was sealed and dried in vacuo 
(< 0.13 kPa) for 18 hours at ambient temperature. Anhydrous 
dimethyl formamide (0.5 ml) was added and the suspension was 
heated at 150°C for approximately 2 min to effect solution. 
After the suspension cooled to ambient temperature, tri- 
fluoroacetic acid (5 ul, 65 umol) was added and the reaction 
mixture was heated at 150°C for 15 minutes. The reaction 
mixture was purified directly by preparative silica gel tlc 
with chloroform-ethanol (4:1 v/v) as the development solvent. 
The faint uv absorbing band which corresponded to an 
authentic standard was extracted to give 1.52 MBq of 
6-[3H]-2'-C1UdR (53.2% radiochemical yield). The specific 
activity was determined by a combination of rp-hplc and 


Isc to be 11.1 GBq mmol-*. 
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80 
e. 2'-Bromo-2'-deoxyuridine (2'-BrUdR) 


1. Reaction of Potassium Bromide with 6-[3H]-2,2'-Cyclouridine 


A methanolic solution of 6-[3H]-2,2'-cyclouridine (2.74 
MBq) was evaporated to dryness directly in a glass pressure 
reaction vial under a stream of nitrogen gas at ambient 
temperature. Anhydrous potassium bromide (4.40 mg, 0.037 mmol) 
was added to the vessel which was sealed and dried in vacuo 
(< 0.13 kPa) for 18 hours at ambient temperature. Dry 
dimethylformamide (0.5 ml) was added to the reaction and the 
Suspension was heated for approximately 3 minutes to effect 
solution. The suspension was cooled to room temperature, 
trifluoroacetic acid (5 ul, 0.065 mmol) was added, and 
the reaction mixture was heated at 150°C for 30 minutes. The 
reaction mixture was purified directly by preparative tlc 
with chloroform-ethanol (4:1 v/v) as the development solvent. 
Extraction of the very faint uv absorbing band which corresponded 
to authentic standard gave 6-[°H]-2'-BrUdR in 26.6% radio- 


chemical yield (0.73 MBq). 


f.  2'-Iodo-2'-deoxyuridine (2'-IUdR) 


i. Reaction of Sodium Iodide with 2,2'-Cyclouridine 


Sodium iodide (3.08 g, 20.53 mmol) and 2,2'-cyclouridine 
(0.445 g, 1.97 mmol) were suspended with vigorous stirring in 


dry dioxane. Trifluoroacetic acid (1.0 ml, 12.9 mmol) was 


ibe ‘ bee tet Tone qe 


see ~ inca via 


a 


OTE 


ath 


oan i 


th ee 


chai 
inter ie 


PRS: ih 


Liaete 


=" wes 3 


‘od 


Ph 


_, bebonige: 


Leena) 


oe 


1 


ait 


" wat oirin saat ‘ 


Cy gnhneie 


hn OF 


“a Hey 


ao here ‘at a 


w et triergety, bu 


bpd + Bite ditie: ef rived a 


‘pan an emrnongas ay met ibapens 


& ne 7 


| | An hg 9 a | ball Poet | 


ni 


Was bul one’ oie » soe tate 


BY, i men 


ye BD @) heitig. “ow (te 2.0) 


ve mith 


oe 


81 


added and the suspension heated at reflux for 25 minutes at 
which time most of the solids had dissolved leaving a yellow 
solution. The dioxane from the reaction supernatant was 
removed in vacuo and the residue was recrystallized from 
absolute ethanol to give 2'-IUdR (0.366 g, 52%), mp 152-154°C 
(dec); lit. 145-147°C (dec)**°. 7H nmr (DMSO-de) 6: 3.58 
2H, m; Cse=ny, 3.90 [2H, my G3"=h and’ Ci, t-H], 4.47 FIH, 
dtp r= sy of dit = oy.) Coven, os. Lowi in, (Jes 51 oy = 
5), Cs5'-OH, exchanges with deuterium oxide], 5.68 [1H, 
Geno O)s¢cs-Hls oe 95) Lin, d(Jar 31 _oy = 5s C3'-OH, exchanges 
with deuterium oxide], 6.20 [1H, d(Ji',2'=8), Ci'-H], 7.85 
Picts 6 Os Ce =H ie 


Reaction of Hydrogen Iodide with 2,2'-Cyclouridine 


2,2'-Cyclouridine (64.2 mg, 0.28 mmol) was suspended in 
dioxane (25 ml) and hydrogen iodide gas was bubbled directly 
into the reaction mixture (5 ml min~* for 20 minutes; 
4.5 mmol). The reaction vessel was sealed and heated at 
100°C for 60 minutes. The solvent was removed in vacuo at 
30°C and the residue was chromatographed on two silica gel 
plates (20 cmx20 cmx0.5 mm). The two major products were 
identified by tlc as unreacted 2,2'-cyclouridine (R¢ =0.15) 
and 2'-IUdR (Re =0.55). The 2'-IUdR was eluted from the 
silica gel in 29.9% chemical yield (30.2 mg). The *H nmr 


spectrum and tic Re values were identical with an authentic 


sample. 
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Reaction of Sodium Iodide-125 with 2,2'-Cyclouridine 


Sodium iodide (5.2 mg, 0.035 mmol) and 2,2'-cyclouridine 
(16.6 mg, 0.073 mmol) were added to an aqueous solution of 
jodine-125 (98.0 MBq) in 0.1 N sodium hydroxide (0.030 mmol) 
and dried in vacuo (< 0.13 kPa) at ambient temperature for 
24 hours. Dry dioxane (2.0 ml) was added and the suspension 
was heated at 150°C to effect solution. The solution was 
cooled to room temperature, trifluoroacetic acid (10 ul, 
0.13 mmol) was added and the reaction mixture heated at 
148°C for 16 minutes. The light yellow supernatant was 
removed and the residue was washed with dioxane (1.0 ml). 
The two fractions were combined and purified by preparative 
tlc using chloroform-ethanol (4:1 v/v) as the development 
solvent. The uv absorbing band which cochromatographed 
with authentic 2'-IUdR was extracted with methanol to give 
2'-[125]]-IUdR in 47% (45.9 MBq) radiochemical yield. The 
specific activity was determined by rp-hplc and gamma 


spectroscopy to be 2.72 GBq mmol-’. 


Reaction of Sodium Iodide-123 with 2,2'-Cyclouridine 


A methanolic solution of sodium iodide-123 (0.45 GBq, 
0.0014 mmol) was evaporated to dryness directly ina 
glass pressure vial at 135°C under a stream of nitrogen gas. 


Dioxane (1.0 ml), 2,2'-cyclouridine (0.6 mg, 0.0026 mmol) and 


iO MPs. Spee. 

tort) CEO, 0) Shrew tei bos Wotan 

qe? ctutersiees snatdns co Cate Gh) 4 

nalsesague att doe heabbe Rea 0,8); BM 
Rew Hops se al oe tosite on 

Fin, SES 36 3 le. be eee |}, Te wer t 

th betsal stutxim ootiogey, wf oe Mh. sto. a (fon a 

thd Justanmsqua wol fay: INBET aT RAN BE: x0? 2 8AL 

; ey. omy) 2 

fmt) coteeth ddtw bedes aw oubt zee ad bas bovonat 

ul SBAmgeere sys digs Uiweig, berg nant dea Sou aap damn}, ald atti, 

bes i bntaw 3 


py OF Tonedhem Attra but eta i Al > fas 
itirlaO bs La Bah a woul, 


ORO SRD) SEMA! miro We" nab 
6 Wi taint Reenter i? bid 
+860 bet) ie nage § seione 3 7 | 


83 


trifluoroacetic acid (2 u1, 0.026 mmol) were added to the dry 
sodium iodide-123 and stirred at 135°C for 15 minutes. The 

light yellow supernatant which contained 90% of the radioactivity 
was purified directly via silica gel tlc with chloroform- 
ethanol (4:1 v/v) as development solvent. The uv band which 
corresponded to authentic 2'-IUdR was extracted with methanol 

to give 2'-[**3I]-IUdR in 83.1% (0.37 GBq) radiochemical yield. 
Radiochromatographic analysis with rp-hplc and silica gel tlc 
confirmed the identity and radiochemical yield (80.0%) of the 
product. The specific activity was calculated to be 0.63 TBq 


mmol7?. 


Reaction of NCA Sodium Iodide-123 with 2,2'-Cyclouridine 


Iodine-123 (0.46 GBq) was recovered from the gold foil 
by non-isotopic exchange with methanolic sodium chloride 
(0.0062 mmol) without added carrier iodide and evaporated to 
dryness directly in a glass pressure vial by heating under a 
stream of nitrogen gas. Dioxane (1.0 ml), 2,2'-cyclouridine 
(0.8 mg, 0.0035 mmol) and trifluoroacetic acid (2 ul, 0.026 
mmol) were added to the 77°I and the suspension was heated 
at 135°C with stirring for 15 minutes. Aliquots of the 
reaction were diluted with carrier 2'-IUdR and analyzed 
radiochromatographically. Silica gel tlc (chloroform- 
ethanol 4:1 v/v) and rp-hplc (water-methanol 9:1 v/v) 
indicated the radiochemical yield of 2'-[+*°I]-IUdR to be 


20.8% and 21.3% respectively. 
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Reaction of Sodium Iodide with 2-[+*C]-2,2'-Cyclouridine 


Sodium iodide (0.304 mg, 0.002 mmol) and 2-[1"C]-2,2'- 
cyclouridine (0.130 MBq) were dried in vacuo (< 0.13 kPa) at 
80°C for 4 hours and then at ambient temperature for 12 hours. 
Dioxane (200 ul) was added and the resulting suspension was 
stirred at 140°C to effect solution, and allowed to cool to 
ambient temperature. Trifluoroacetic acid (5 ul, 0.065 mmol) 
was added and the solution stirred at 136°C for 15 minutes. 
The 2-[*"C]-2'-IUdR was isolated directly, by preparative 
Silica gel tlc with chloroform-ethanol (4:1 v/v) as 
development solvent, in 28.7% (0.037 MBq) radiochemical yield. 
A radiochemical purity of 97.8% was determined by radio-tlc 
with chloroform-dioxane-methanol (8:6:3 v/v) as development 


solvent. 


6-Iodouracil 


Sodium Iodide Exchange of 6-Chlorouracil 


Sodium iodide (7.972 g, 53.15 mmol) and 6-chlorouracil 
(0.989 g, 6.75 mmol) were stirred in dimethylformamide (8.0 
ml) under a nitrogen atmosphere for 75 minutes at 145°C. The 
dark red suspension, which solidified upon cooling, was 
transferred in aqueous methanol and the solvent removed 
in vacuo at 60°C. The residue was stirred with hot water 
(8.0 ml) and the supernatant was removed to yield 0.144 g of a 


yellow water-insoluble solid. Another 0.843 g of a similar 
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yellow solid precipitated from the aqueous supernatant, 
after it cooled to room temperature to give a combined 
product weight of 0.987 g (4.14 mmol, 61.4%), mp 272-275°C 
(dec). A second recrystallization from absolute ethanol 
gave pale green to colorless needles in 34.3% yield (0.551 
g, 2.32 mmol); mp 278-279°C (dec) lit: 279-280°C (dec)®*: 

*H nmr (DMSO-d,) 6: 5.82 [(1H, s, Cs-H], 10.35 [1H, broad s, 
N,-H, exchanges with deuterium oxide]; exact mass calculated 
for CyH3N2.0.1: 237.9230; found (high resolution ms) 

231 29230. 


Sodium Iodide-123 Exchange of 6-Chlorouracil 


Sodium jodide-123 (0.36 GBq, 0.0007 mmol) in methanol 
(0.5 ml) was evaporated in a stepwise manner directly ina 
0.2 ml glass pressure reaction vial at 150°C under a stream 
of nitrogen. Sodium iodide (12.0 mg, 0.081 mmol), 6-chloro- 
uracil (19.3 mg, 0.131 mmol) and dimethylformamide (25 u1) 
were added to the sodium iodide-123 and heated at 150°C 
for 113 minutes. The reaction mixture was dissolved in 
methanol and purified by preparative tlc (chloroform- 
ethanol 2:1 v/v). The uv absorbing band which cochromato- 
graphed with authentic 6-iodouracil was recovered in 44.4% 
(0.16 GBq) radiochemical yield. Quantitative and quali- 
tative rp-hplc (water-methanol 9:1 v/v) analysis of the 
crude reaction product indicated a radiochemical yield 


of 45.5% of 6-[*?°?I]-iodouracil. 
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86 
h. 2,2'-Cyclouridine (2,2'-CUR) 


i. Reaction of Diphenylcarbonate with Uridine 


Uridine (1.99 g, 8.14 mmol), diphenylcarbonate (2.81 g, 
13.0 mmol) and sodium bicarbonate (0.05 g, 0.57 mmol) were 
dissolved in dry dimethylformamide (4.0 ml) and stirred at 
140°C for 25 minutes. The reaction mixture was poured onto 
ice cold diethyl ether (20 ml), to yield a yellowish 
semisolid precipitate which was recrystallized from hot 
methanol to give 2,2'-cyclouridine (1.36 g, 73.7%) as an 
off white powder, mp 238-239°C. A second recrystallization 
from hot methanol gave the product as colorless, needle-like 
crystals (0.804 g, 43.7%) mp 242.5-244.5°C; lit 238-244°C?®; 
246-248°C°?3), +H nmr (DMSO-d) 6: 3.26 [2H, m(collapses to 
a d(J,'.5'=5.5) after deuterium oxide exchange) Cs'-H], 
4.11 (1H, t(Jut,s'=5), Cyt-H], 4.43 CIH, d(J31 31_oy 
= 3), collapses to a singlet after deuterium exchange, 
Ge Hg) yis99 obelhe, t(J51_oy 51 = 9) exchanges witn 
deuterium oxide, Cs5'-OH], 5.24 [1H, d(Ji',2'=6), C,'-H], 
SSO wall seed (J ces. SiiuGs =H] Lee 2ielel is d(J31_oy 3: = 4) 
exchanges with deuterium oxide, C,:-OH], 6.34 [1H, 
d(Jatjo'=6), Cit-H], 7.87 [1H, di(Jisy gari8 jis pGocHiap. 


ii. Reaction of Diphenylcarbonate with 6-[2H]-Uridine 


Uridine (2.0 mg, 0.0082 mmol), diphenylcarbonate (4.85 mg, 


0.025 mmol) and sodium bicarbonate (~ 0.05 mg) were mixed with | 
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an aqueous solution of 6-[*H]-uridine (7.98 MBq). The water 
was removed under a stream of nitrogen gas at room temperature 
and the reactants were dried in vacuo at 40°C for 9 hours. The 
dried reactants were dissolved in dimethylformamide (0.3 ml) 
and heated at 153°C for 15 minutes. The solvent was removed 
under a stream of nitrogen gas at ambient temperature and the 
product used without further purification. The product was 
identified as 6-[%H]-2,2'-cyclouridine by radiochromatographic 
analysis on silica gel tlc (chloroform-ethanol 1:1 v/v). The 


radiochemical yield was 83.7% (6.68 MBq). 


Effect of Reaction Time on Yield of 6-[3H]-2,2'-Cyclouridine 


Uridine (14.5 mg, 0.06 mmol), diphenylcarbonate (18.5 mg, 
0.10 mmol) and sodium bicarbonate (catalytic amount) were 
added to an aqueous solution of 6-[2H]-uridine (0.25 MBq) and 
dried in vacuo for 2 hours at ambient temperature and then 
for a further 16 hours at 80°C. Anhydrous dimethyl formamide 
(0.5 ml) was added to the reactants and the reaction mixture 
was stirred at room temperature until dissolution was complete. 
The solution was heated at 152°C for 30 minutes. Samples (10 
ul) were removed at 5 minute intervals for tlc analysis (dupli- 
cate). A 3 ul aliquot of each sample was plated directly onto 
Silica gel tlc plates. The remaining 7 ul aliquot was added to 
a methanolic solution of uracil, uridine and 2,2'-cyclouridine 


and applied to the tlc plates. All tlc chromatograms were 
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developed with chloroform-ethanol (1:1 v/v) as the development 
solvent. The standards were located by uv visualization. The 
appropriate sections were analyzed by Isc and the fraction of 
the total radioactivity associated with each compound was 


calculated. 
i. Arabinouridine (Ara-U) 


i. Reaction of Sodium Hydroxide with 2,2'-Cyclouridine 


A solution of 2,2'-cyclouridine (68.4 mg, 0.28 mmol) in 
1.0 N aqueous sodium hydroxide (1.0 mmol) was heated at 148°C 
for 5 minutes with stirring. The reaction products were 
separated by cc using chloroform-methanol (4:1 v/v) as the 
development solvent. Fractions 6 through 9 (50 ml) gave 
arabinouridine (15.4 mg, 22.6%). +H nmr (DMSO-d,) 6: 
Se5Sah2herm,weer-Haeese7 2encns.m, eCar=Heand’Ce1=h 1493293 
[2H, m, collapses to q after exchange with deuterium oxide 
(Jit a =J21J3! =/4)°C31=H: and C,9=0H], 5.00 [1H, broads, 
C;-OH, exchanges with deuterium oxide], 5.54 (2H, alUcwe'8) 
Cs5-H, broad s, C;:-OH, exchanges with deuterium oxide], 
5.95 (1H, d(Ji+ 2: aay, Crisk ley #50) Dlis dts. =o). 
C.-H], 11.30 [1H, broad s, N;-H, exchanges with deuterium 


oxide]. 
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ae Tissue Distribution 


6-Iodouracil and the 2'-halo-2'-deoxyuridine analogues were 
designed to be used for tumor delineation and determination of the 
proliferative potential of a tumor mass uSing non-invasive gamma- 
camera imaging techniques. The tissue distribution studies were designed 
to determine whether or not the radiohalogenated analogues synthesized 
have the characteristics of a useful tumor delineating agent. Three 
distribution parameters were considered important: 
1. the degree of tumor specificity (tumor specific activity relative 

to other tissues); 
2. the absolute concentration of radioactivity in the tumor (number 

of photons available for detection); and 
3. the ratio between the radioactivity in the tumor and in the blood 

and between the tumor and the surrounding tissue (the degree of 

contrast between the tumor and background radiation)?*®. 

These parameters were determined as a function of time after 
injection of the radiolabelled analogues. The chemical identity of 
the radioactivity in the tumor and background tissues was not determined 
because the gamma-camera cannot distinguish between the initial chemical 


form of the injected radioactivity and any metabolites which retain the 


radioactive label?®. 
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Animal Tumor Models 


71. Lewis Lung Carcinoma 


The Lewis lung tumor model has been used for 
screening of chemotherapeutic agents by the U.S. National 
Cancer Institute !*7. The Lewis lung carcinoma originated 
spontaneously as a carcinoma of the lung in a C57BL mouse. 
It is a rapidly growing tumor of the epidermoid carcinoma 
type. A solid tumor is formed after subpannicular trans- 
plantation of a small piece of the tumor 118. 

The Lewis lung carcinoma tumor model used in these 
Studies was donated by Dr. A.R.P. Paterson of the McEachern 
Laboratory, University of Alberta. The tumor line was 
maintained in young adult ( 20-25 g ) male, BDF, hybrid 
mice as a solid tumor !*8. A donor mouse bearing the solid 
tumor was sacrificed by cervical dislocation and the tumor 
mass was excised and submerged in sterile physiological 
saline. A fragment of the tumor was inserted subpannicularly 
in the pectoral region of an anesthetized ( diethyl] ether ) 
mouse with a trochar !4*8@. Tumors were re-transplanted 
in a ten to twelve day cycle for maintenance and eight to 


ten days in advance for tissue distribution studies. 
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ii. Walker 256 Carcinoma 


The Walker 256 carcinoma originated spontaneously 
aS a mammary adenocarcinoma in a female rat. It is a 
hardy tumor and can be maintained in a variety of rat 
strains as a solid tumor !*9, The Walker 256 tumor model 
has been used to screen a number of experimental tumor 
imaging agents 129150, 

The Walker 256 carcinosarcoma tumor model was maintained 
by the Central Animal Laboratory of the German Cancer 
Research Center in Heidelberg. Young, male, Wistar rats 
( 200-250 g ), inoculated either subpannicularly in the 
upper dorsal region or intramuscularly in the right hind 
muscle group were obtained directly from the animal center. 
Approximately 10” cells were transplanted for each tumor, five 


to seven days before use. 
Tissue Samples 


Thirty seconds before expiration of the time interval, each 
animal (rat or mouse) was anesthetized with ether, exsanguinated 
by cardiac puncture, then sacrificed by cervical dislocation. 

The tissues of interest were excised in their entirety, blotted 
free of blood and weighed. The whole organ or aliquots thereof 
were prepared for analysis as described specifically for each 
analogue tested. The muscle tissue samples consisted of specimens 
from the front and rear muscle groups of the hind leg contra- 


lateral to the tumor bearing leg. The femur from the same leg 
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was taken as the bone sample. Thyroid uptake of radioiodide was 
blocked by administering 1% potassium iodide in the drinking 
water 48 hours prior to injection of radioiodide labelled 
compounds*®*, unless otherwise stated. Skin samples were 
obtained from the back of the animal to decrease the possibility 


of urinary contamination during handling. 


6-[3H]-2'-Fluoro-2'-deoxyuridine 


The 6-[3H]-2'-fluoro-2'-deoxyuridine (42.6 GBq mmol~*) was 
generously prepared for this study by J.R. Mercer. Five male 
Wistar rats bearing Walker 256 carcinomas were used for each time 
period. Each rat was injected with 0.15 MBq (3.5 pmol) of 6-[3H]- 


2'-FUdR in 0.4 ml normal saline intravenously via a tail vein. 


Aliquots of each tissue (approximately 100 mg) were accurately 
weighed directly in glass Isc vials and immersed in Soluene-350!™ 
tissue solubilizer (2.0 ml). Each sample was heated at 50°C ina 
water bath until a clear solution, free from particulate matter, 
was obtained. Upon cooling to ambient temperature, the samples 
were dissolved in 15 ml of a liquid scintillation cocktail 
consisting of diphenyloxazole (4.0 g 1~*) and p-bis-[2-(5-pheny1- 
oxazolyl)]benzene (50 mg 1~*) in toluene (TPP). Blood samples 
were digested in 2.0 ml Soluene-350 "4 sopropanol Cirle Vy va dt 
50°C, then decolorized with 30% hydrogen peroxide (0.2 ml). The 


solubilized sample was then dissolved in 15 ml of a mixture of 


Instagel "-jsopropanol (9:1 v/v) liquid scintillation cocktail. 
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The standards for the tissue sample quench correction curve 
were prepared using a tritiated water standard dissolved in 
Soluene-350"™ and added to the TPP fluor. Each standard was 
quenched with a blood and liver homogenate (1:1 w/w) solubilized 


Wy The standard curve for the blood samples was 


in Soluene-350 
prepared with tritiated water in Instagel "- isopropanol G92 }ivi/v ie 
The standards were quenched with whole blood solubilized in 


i and decolorized with 30% hydrogen peroxide. 


Soluene-350! 
The samples and standards were counted with a Berthold 

BF 5000/300 HP9825 liquid scintillation spectrometer. Counting 

efficiency and background correction calculations were determined 


automatically. 


2'-[°°C1]-Chloro-2'-deoxyuridine 


2'-[3®C]]-Chloro-2'-deoxyuridine (5.66 MBq mmol~*) was 
purified by preparative cc as described elsewhere (III.C.2.d) 
and stored as a solution in sterile normal saline (77.3 kBq m1~*). 
Analytical tle and rp-hplc indicated a minimum radiochemical 
purity of 97.6 and 99.5% respectively at the time of use. 

Six BDF, mice bearing Lewis lung carcinomas were used at 
each time interval studied. Each mouse was injected intra- 
venously with 7.78 kBq of 2'-[°°C1]-C1UdR (1.37 umol) in 0.1 ml 


normal saline. 
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The excised tissues were weighed directly in glass Isc 
vials. The entire heart, lungs, spleen, kidney, testis, tibia and 
femur were wetted with distilled water (0.2 ml), immersed in nes! 
(1.5-2.0 ml) tissue solubilizer and heated at 50°C until a clear 
solution was obtained. Aliquots (approximately 100 mg) of liver, 
tumor and muscle were treated as described above. The samples were 
cooled to ambient temperature, dissolved in Riafluor liquid 
scintillation fluor (15 ml) and neutralized with a mixture of 4% 
aqueous SnCl, and acetic acid (1:1 v/v) to decrease chemilumines- 
cence. 

Blood samples (approximately 100 mg) were lysed with distilled 
water (0.2 ml), digested in Nesta (1.0 ml) at 50°C for 1 hour and 
decolorized with 30% hydrogen peroxide (0.2 ml). The blood samples 
were then treated as described for the tissue samples. 

Urine samples were collected by excising the intact bladder 
and transferring it and the contents to an Isc vial. Aliquots 
(5 ul) of urine were analyzed directly by tle (chloroform-ethanol, 
2:1 v/v). The plates were visualized under uv, the radioactivity 
cochromatographing with authentic 2'-C1UdR was isolated, and the 
remainder of the chromatogram was divided into 1 cm sections. The 
distribution of radioactivity on the plate was determined as 
described in section III.B.2. The urine remaining was diluted 
with distilled water (0.2 ml) and counted directly in Riafluor 


CISaminis 


The standards required for the quench correction curve were 


prepared with aqueous sodium chloride-36 dissolved in Riafluor 


and were quenched with blood solubilized in ncs™ The counting 


Sah Baalg nt yldsextd bet 
wir atin: \ eRe weabt x sate 
eO* Af banter, Vie 5.0) tet wed 
isl o. oT ptt OF0e de padsed eg 

ceyht te lam Gt wretentitinaee 
‘yilu! Se, GR SIM... sae badrs 22ahy Sh! 
pion] Who ieee nt aT use 

t? oo SRE ®t Sekiya ‘at {ia a 
cimy i hey saseeneh of (vind: Ap: Dios ota 


ph itary sath bee) cwte (pom, 00% lama a). 
wih te TONY 9°Ge fa (fm, 0, i) eM af ba we 


eal quire WOORD One: a tim) 3.0) a erin 


ssouprTn her eT he ai + ohh 

: EATSAMO TOG END j) afd Ye cise 
“ivigagothar ‘ony wld “ion bast f i 
and bin .Bbsetort fae utes 


2% bentaryath ae ie Ps ne | 


: ah 


oyiy the Ae aot aie ides a) is 


i‘ 
a 


a 


75 


efficiency of an unquenched sample of °?°Cl was assumed to be 


52. 6 
> 5*°° and the quenched samples were normalized 


approximately 100% 
to the unquenched sample count rate. The samples were counted 
with a Beckman LS9000 liquid scintillation spectrometer, which 
determined the counting efficiency and background correction 


automatically. 


2'-[*731]-Iodo-2'-deoxyuridine 


‘lite Tissue Distribution 


2'-[123]]-Iodo-2'-deoxyuridine was purified prior to use 
by preparative tlc (silica gel) using chloroform-ethanol (4:1 
v/v) to remove organic impurities. An aqueous solution of 
the purified product was passed through a AgC1/cel lulose 
(5% w/w) column to remove any free iodide-123 remaining. 
Analytical micro tlc (silica gel) with chloroform-ethanol 
(4:1 v/v) as development solvent indicated a radiochemical 
purity greater than 99.0%. 

Three male Wistar rats bearing Walker 256 tumors 
inoculated intramuscularly in the right hind leg muscle group 
were used for each time period studied. Each rat was injected 
with 1.48 MBq of 2'-[**°I]-IUdR (0.63 TBq mmol~*; 2.35 pmol at 
time of injection) via the tail vein. The tissue samples were 
weighed directly in plastic gamma counting tubes. The samples 


+ 


were counted on a Tracor TN-11 au high resolution gamma ray 


spectrometer programmed to correct for background and decay. 
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ii. Whole Body Excretion 


Three rats were injected with 1.67 MBq of 2'-[??3I1]-IUdR 
intravenously. The urine and whole body elimination profile 
of 2'-[*?°I]-IUdR was monitored by determining the whole body 
radioactivity remaining, after the rats were induced to 
micturate, at various time intervals following injection. 

The whole body radioactivity was measured at the designated 
time intervals with a Capintec ™ dose calibrator. A measure- 
ment obtained 30 seconds after een was set as time zero 
and all subsequent measurements were normalized to this time 
and activity. Aliquots of the urine collected after 
micturition were diluted with non-radioactive 2'-IUdR and 
analyzed directly by micro tlc (silica gel) with chloroform- 
ethanol (2:1 v/v) as the development solvent. The chromato- 
grams were visualized under uv light and scanned for 
qualitative distribution of radioactivity with a Berthold 
chromatogram scanner. The appropriate sections of the 
chromatograms were collected and quantitatively analyzed 


by gamma spectrometry with a NaI(T1) well detector. 


6-[72°1]-Iodouracil 


6-[1231]-Iodouracil was purified the evening before use by 
preparative silica gel tlc using chloroform-ethanol (4:1 v/v) as 
the development solvent, then refrigerated in a dry state until 
use. The product was dissolved in water and passed through a 


AgC1/DEAE cellulose column immediately prior to use. Analytical 
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tlc (chloroform-ethanol 2:1 or 4:1 v/v) indicated a radiochemical 
purity greater than 99%. 

Each rat, bearing a Walker 256 tumor, was injected with 
1.85 MBq of 6-[**?I]-iodouracil (2.54 GBq mmol-* at the time of 
injection). The tissue samples were prepared and analyzed as 
described for the 2'-[*?3I]-IUdR study with the exception that 
nee vo anesthesia, micturition was induced and the urine 
collected on glass plates. The urine was applied directly to 
minicolumns of AgC1/cellulose (2 cm in 1 ml tuberculin syringe) 
and eluted with distilled water (0.5 ml) to remove free iodide- 
123. The eluate, after the addition of carrier 6-iodouracil, 
was analyzed directly by tlc (silica gel) with chloroform-ethanol 
(2:1 v/v) as the development solvent. The plates were visualized 
under uv light to locate the 6-iodouracil standard. Those plates 
containing sufficient activity were scanned with the chromatogram 
scanner to determine the qualitative radioactivity distribution 
profile. The chromatograms were then divided into sections and 
the radioactivity in each section measured by gamma spectroscopy 
(NaIl(T1) well crystal). The radioactivity on AgC1/cellulose 
columns and in the remaining column eluate was measured in a 


Similar manner. 


Co-administration of 6-[+2°I]-Iodouracil and 6-Chlorouracil 


6-[2231]-Iodouracil (8.02 GBq mmol~* at time of injection) 
was purified as described in section III.C.3.e to remove organic 


impurities other than 6-chlorouracil. Analytical radio-tlc 
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(ethylacetate-ethanol, 4:1 v/v and chloroform-ethanol, 4:1 v/v) 
indicated a radiochemical purity of greater than 99%. The 
relative concentrations of 6-iodouracil and 6-chlorouracil in 
the injection solution were determined by quantitative rp-hplc 
(water-methanol, 9:1 v/v). 

Three rats bearing Walker 256 tumors were studied at each 
time interval. Each rat was injected with 0.09 umol 6-[7?731]- 
jodouracil (0.74 MBq) and 0.03 umol 6-chlorouracil in 0.5 ml 
normal saline. Tissue samples were prepared and analyzed as 


described for 2'-[127I]-IUdR. 


Whole Body Excretion of Sodium Iodide-123 


Sodium iodide-123 was obtained as described (III.C.1.e) with 
the exception that an aqueous solution of 0.1 N sodium hydroxide 
was used to recover the *7°I without added carrier. For whole 
body elimination studies, 1.67 MBq of sodium iodide-123 in normal 
Saline was injected intravenously into three normal male Wistar 
rats. The time zero measurements were made 30 seconds after 
injection as described for 2'-[*7°I]-IUdR and the remaining 


measurements were taken after micturition was induced. 


Whole Body Imaging 


2'-[1*3I]-Iodo-2'-deoxyuridine 


Non-invasive, qualitative tissue distribution studies were 


performed with a Searle HP gamma camera fitted with a pinhole 
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collimator. The rats were initially anesthetized with ether 
and positioned under the gamma camera. Rats bearing subpanni- 
cular Walker 256 tumors in the upper dorsal region were positioned 
to present a dorsal view, thereby elevating the tumor, while rats 
bearing intramuscular tumors in the hind leg were imaged from the 
dorsal aspect with the legs spread apart and the tumor somewhat 
isolated from the body. During the imaging procedure, the rats 
were maintained under nitrous oxide/halothane/oxygen anesthesia 
and body temperature was kept constant with an electric heating 
pad. 

A continuous dynamic image was recorded on magnetic tape 
for the initial 30 to 60 minutes post injection. Static images 
were recorded (10° counts image-*) at longer time periods on both 
Polaroid film and magnetic tape. The camera was activated just 
prior to intravenous injection of the 2'-[7??°I]-IUdR (12.0-14.8 


MBq; 23.5 pmol). 


6-[1221]-Iodouracil 


Non-invasive distribution studies with 6-[**°I]-iodouracil 
were performed essentially as described for 2'-[**°I]-IUdR. 
Dynamic and static images were recorded after intravenous 
injection of 17.04 MBq of 6-[*7°I]-iodouracil (7.2 umol) in 


Wistar rats bearing Walker 256 carcinomas. 
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Sodium Iodide-123 


The no carrier added **3I was obtained as a sterile normal 
saline solution from Dr. Sinn of the Radiopharmacology Department 
of the German Cancer Research Center. 

The qualitative whole body distribution of sodium iodide-123 
was determined in one normal male Wistar rat and two rats bearing 
a Walker 256 carcinoma in either the right hind leg (intramuscular) 
or the upper dorsal region (subpannicular). The animals were 
anesthetized and positioned for imaging as described for 
2'-[723T]-IUdR. A dynamic image was recorded during the initial 
45 minutes following intravenous injection of sodium iodide-123 
(26.3-28.5 MBq) and static images (10° counts image~*) were 


obtained thereafter. 
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A. Radionuclide Production 


Most radionuclides can be produced by more than one nuclear 
reaction. The ultimate use of the product is an important consideration 
in selecting the production methodology. The yield, specific activity 
and radionuclidic purity required of the product, the complexity of the 
chemistry required to synthesize the product and the half-life of the 
radionuclide must be balanced against the availability of particle type 
and particle energy required by the nuclear reaction, the cost of the 
target material and handling and recovery of the radionuclide*°. 

All of the radionuclides used in this study, with the exception of 
*8F and *"™C1, were routinely available in a chemical form directly 
applicable to the synthesis of the radiohalogenated nucleosides and 
pyrimidines. The preparation of the short-lived radionuclides, °7Br 
and +231, required only minor modification of routine procedures as 
described in the experimental section (III.C.1) whereas °?°C1 and *?°1 
were available commercially. It was therefore necessary to examine 
the feasibility of a number of different nuclear reactions for the 


production and recovery of *°F and ?*™%c1, 


12 Fluorine-18 


Aqueous fluoride-18 was routinely prepared as a solution in normal 
saline intended for clinical use. The nucleophilicity of *°F anion 
produced in this way is greatly reduced due to hydration of the fluoride 
anion and the formation of strong hydrogen bonds in protic solvents?*. 
Therefore aqueous solutions of *°F were unsuitable for the chemical 


applications described in this thesis. The conversion of the aqueous 
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*8F anion, produced in this manner, to anhydrous hydrogen fluoride by 
distillation from hot concentrated sulphuric acid was largely unsuccess- 
ful. Although hydrogen fluoride-18 was recovered after distillation in 
moderate yield (Table III), the product was not suitable for fluorination 


of 2,2'-cyclouridine. The best radiochemical yield was obtained when 1°F 


Table III. Recovery of *®F Via Distillation Techniques. 


Nuclear Target Recovery* 
Reaction Material Recovery Methods (%) 
2°Ne(d,o.)19F Neon gas Recovered in normal saline 54.7 


and distilled directly from 
concentrated sulphuric acid 


2°Ne(d.a)?°F Neon gas Recovered in water, diluted B8242. 21236 
with potassium fluoride, 
dried and distilled from 
sulphuric acid 


rl Tingeh Ee hesanek ised: Anhydrous Li,C0, distilled 20 1h 087 
16Q(3H,n)+5F (95% ®Li) directly from 95% sulphuric 
acid 


1. Yield calculated as the % recovered in the distillate From the 
total activity added to the sulphuric acid. 


was recovered from the target in normal saline and distilled directly 
from hot sulphuric acid. The *°F recovered, however, was not anhydrous 
and contained large concentrations of chloride ion. The recovery of 
18F in distilled water rather than normal saline, followed by the 
evaporation of water in the presence of carrier potassium fluoride, 


did not completely eliminate the problem of contamination by either 
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water or chloride. This conclusion was based upon the presence of ara-U 
and 2'-ClUdR peaks in the rp-hplc trace of the final reaction product. 
The presence of chloride contamination was most likely due to incomplete 
removal of the sodium chloride from the target. Recovery of anhydrous 
hydrogen fluoride-18 from aqueous *°F was inefficient and time consuming. 
A second method employed reactor produced *°F via the °Li(n,3H) *He, 
*°0(3H,n)*®F nuclear reactions. Lithium carbonate was irradiated as an 
anhydrous salt and the ?°F produced was distilled directly from hot 
Sulphuric acid in a stream of helium carrier gas. The recovery of ?°F 
with this method was also inefficient and unsatisfactory (Table III). 
Similar results have been reported concerning the distillation of ?°F 
from sulphuric acid. Nozaki et al.**® reported that it was necessary 
to vigorously agitate the sulphuric acid solution with 3-5 g min™* of 
steam in order to remove the *°F. The 7°F was subsequently trapped on 
an anion exchange resin. The resin was dried and the ?°F was eluted 
with carrier anhydrous hydrogen fluoride. The method produced a product 
which had a low specific activity and was not completely anhydrous. 
Others?+72+21 also found it necessary to use aqueous sulphuric acid and 
high flow rates of an agitating gas to remove the *°F during the 
distillation. In these instances the recovered *®F required drying 
before subsequent use. Gnade ethalnig: recently reported a method 
whereby *°F could be recovered as anhydrous hydrogen fluoride via 
distillation from sulphuric acid. The method was complex because it 
required the separation of the *®F from the irradiated lithium carbonate 
before the distillation step. Azeotropic sulphuric acid (98%) was 
necessary to prevent the co-distillation of water with the hydrogen 


fluoride. 
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In view of these results, recovery of 7°F as anhydrous hydrogen 
fluoride-18 by distillation was discontinued in favor of a faster and 
more efficient method requiring less sample handling. The feasibility 
of recovering *°F as anhydrous hydrogen fluoride directly from the 
cyclotron target after irradiation was therefore investigated. The 
*8F species produced during such irradiations is known to be highly 
reactive and to bind tenaciously to the target surface??°21°°, 
Fluorine-18 can be produced directly or via a parent-daughter system 
in which ?®8Ne (T3=1.7 sec)33 decays to 71°F123211*, The +°Ne should 
be more readily removed from a target than 71°F, since it is chemically 
inert. Both of these production methods were investigated. 

Initially the irradiation of *°0 (natural isotopic abundance) 
containing targets with *He particles was investigated (Table IV). 
Fluorine-18 was produced directly via the *°0(3He,p)*°F and 
180(3He,3H)+°F reactions and indirectly via the *°0(3He,n)?°Ne 8" 13 F 
reaction??!, No detectable amount of 1°F was removed from the target 
during the irradiation of a continuous flow of oxygen gas and only a 
trace of 71°F was recovered using a solid tantalum pentoxide target 
swept with helium gas. In spite of the fact that flow rates up to 
500 ml min-* of target gas were used, the major radionuclides removed, 
without the addition of carrier hydrogen fluoride, were g* emitters 
which had half-lives of 125.7+2.0 s and 20.4+0.4 min. These half- 
lives corresponded well with those of 7°0 (T}=124 sec) and 77C 
(Ts =20. 3min) respectively?*, which were possible contaminants produced 


via the ?°0(3He,a)2°0 and +°0(3He,20)**C nuclear reactions (Table V)***. 
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TABLE LV. 


Nuclear 
Reaction 


169(3He,n)7®Ne 
169(3He,p)?°F 
169(3He,3H)2°F 


2°Ne(d,a) °F 


“Netda) 7 °F 


2°Ne(d,a)2°F 


Target 
Material 


0. gas 
Ta205 


Neon gas 


Neon gas 


Neon gas 


Recovery of *®F Via Gas Flow Techniques. 


Recovery Methods 


Continuous flow of 0, during the 
irradiation 

Helium swept over the Ta20;5 during 
the irradiation 


Target? passivated at 110°C with 
anhydrous HF (100%) for 48 hr 

a. Anhydrous HF (46 mg) was passed 
through the target after 
irradiation 

b. Anhydrous HF (16 mg) was passed 
through the target during and 
after irradiation 


Target? passivated at 110°C with 

F, (25% in neon) for 48 hr 

a. Anhydrous HF (12 mg) was passed 
through the target during and 
after irradiation 


Target? not passivated 

a. Anhydrous HF (2 mg) was passed 
through the target after 
irradiation 

b. Anhydrous HF (7.2 mg) was passed 
through the target after 
irradiation 

c. Anhydrous HF (53 mg) was passed 
through the target after 
irradiation 
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Recovery* 


(%) 


trace 


trace 


este) 


Cou 


Suu 


CHRD) 


6970 


1. Yields normalized to the recovery obtained routinely for clinical 
use using the rotating quartz liner (0.63 GBq pA-* h-*). 


Stainless steel unlined target with 100 ml volume. 


Stainless steel target with stainless steel liner and 15 ml volume. 
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TABLE V. Possible Interfering Nuclear Reactions with the 1+°0(3He,n)*®Ne 
and ?°Ne(d,o.)?°F Reactions!23,157 


Target Product 

Nucleus Reaction Nucleus Decay Mode Ts Q Value 
ya 3He 5a iO gt 123 20as 4.823 
=°0) 3He,2a ee Bt 20.3 min - 5.3 
8) 3He apn 13K gt 9.96 min -12.9 
+70 3He,2n 1°Ne gt 18 s - 3.75 
ei sHesa 30 gt 1236es - 6.31 
aaa) 3He,*°Be aXe Bt 203M we £o. LI 
280 3He,°Li 13K Bt 9.96 min -12.41 
2°Ne dyn 21Na Bia. EES 
22Ne d,2n 22Na Bt 2.60 yr 


The inability to remove more than trace amounts of ?°F from the 
target may be explained in part by the fact that only 5% of the total 
yield of *8F produced by 3He irradiation of oxygen is derived from the 
decay of ?®Ne to 1°F15®. Furthermore, the very short half-life of +°Ne 
may have required higher flow rates than those used in order to remove 
an appreciable fraction of the *®Ne produced before it decayed to 
18F157_ These high flow rates were not conducive to trapping the *°F 
in on-line, small volume liquid traps. Others*?*® have also found that 
18F produced during the irradiation of oxygen gas with *He or “He 
particles remained in the target until carrier anhydrous hydrogen 


fluoride was added to the target. 
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The *°Ne(d,a)*°F reaction was selected for further investigation 
because it would afford the highest radiochemical yield, with the 
exception of the *°0(p,n)*°F reaction??*. In addition the neon would 
act as a chemically inert carrier which would aid in the recovery of 
18F from the target. 

The recovery values given in Table IV are normalized to the 
yield (0.63 GBq uA~* h-*) recovered from the rotating target during 
the routine production of *°F under optimum conditions. The facilities 
necessary to passivate the targets, as suggested by Lambrecht et al.*** 
were not available. However targets which were treated with either 
elemental fluorine (150 kPa of 25% fluorine in neon) or anhydrous 
hydrogen fluoride (100 kPa of 100% anhydrous hydrogen fluoride) at 
110°C did produce higher recoveries than non-treated targets. The 
data, however, are not directly comparable between treated and non- 
treated targets because the operating parameters varied from experiment 
to experiment. 

The '®F recovered was analyzed by y-spectroscopy with a Ge(Li) 
detector. Analysis of the 0.511 MeV annihilation y-line indicated 
the mean half-life was 111.2+3.5 minutes, which compares favourably 
with the published value of 109.9 minutes* for *®F. Sodium-21, 
produced by low energy deuterons via the *°Ne(d,n)**Na reaction?*?, 
was not detected since it would have decayed prior to analysis due to 
its short half-life (T}=22.8 s) 33. The 1.27 MeV gamma line of 27Na, 
produced via the 22Ne(d,2n)?2Na reaction, was also absent from the 
spectrum (Table V). No gamma lines, other than 0.511 MeV annihilation 


y's, were observed. 


CEL ee aT! Hearne. ot beim 


a 4 any be 
1 veya ie ee bin Divot 


ami’ >) tos? ant ceanhitiog tanrige: 


5 4a Wwisrdns) vd tetcopoas ae , rh: 


aeGGivyis “ta (mabe 
om 
PS (abirteul? moporgyn zu Yigean ser ic ee . 
ek ah 
- Dae na st 
aT Styne  Hetea ed titin TaN, seinovagen “1H 
4 4 ¥ 7 ¢ ; r* 


ait eS 4adn4 enapand, 4 Tee dele wig 


iianrrseke BONT bokaay cued iay nite 
}26 4 fTrw be vei auch ah ry jane vt 


yideiugvey 29 viel, aha same | 


eeu AR UGE: sii hot i 


ae To byt sage lt i. ; ot 


IS WONT sn onte 36M etd 


opp aan 


109 


(ae. Chlorine-34m 


Several different approaches to the production of ?*"cl and its 
recovery from the target system were investigated. The feasibility of 
using the *°C1(p,pn)?*"C1 nuclear reaction was investigated because 
this reaction is known to produce °*"C1 in high yield®*. Accordingly, 
a solid disk of magnesium chloride (natural isotopic abundance, 75.55% 
°°€1)8? was irradiated with 22 MeV protons, producing ?*"C1 in good 
yield. Unfortunately the large mass of magnesium chloride (200 mg) 
required for a solid target diluted the specific activity of the final 
product to an unacceptable level (96.2 kBq mg7? magnesium chloride). 
Various methods??1~+%° of separating °*™Cl from the target material to 
increase the final specific activity to a more acceptable level were 
considered. In view of the 32 minute half-life of °*"C1, the 
relatively long and complex separation techniques and low overal] 
radiochemical yields obtained, these procedures did not represent an 
attractive solution to the problem. 

A more attractive alternative seemed to be the °**S(p,n)°*"C1 and 
34S(d,2n)3*MC] nuclear reactions, in which °*"c1 is produced directly 
by nuclear transformation, without added carrier. These reactions 
produce ?""c] in appreciable yields using natural isotopic abundance 
(4.21% °*S)®3 sulfur containing targets. Therefore, an expensive 
isotopically enriched target was not required for the developmental 
work. The target and recovery system (Figure 7, III.c.ii) developed 
for the production of °*"C1l was conceptually similar to the system 


used for 78F production. Hydrogen sulfide was chosen as the target 
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material because it is a gas and could be readily handled with the 
existing techniques. 

The data in Table VI compare the radiochemical yields of °*"c] 
obtained under various experimental conditions. The recovery values 
(MBq pA-* h7~*) were determined by quantitative analysis?°® of the 
0.145 and 1.17 MeV y-lines characteristic of °*"C1 with a Ge(Li) 
detector. The 0.511 MeV annihilation y-line was not included in the 
analysis as this line contains contributions from both ?*"C1 and ?*C] 
as well as other possible positron emitting contaminants. Equation 4 
was used to correct for the decay which had occurred during the 


irradiation, in order that the various irradiations could be compared. 


Neopet oa, SA Equation 4 


In equation 4 Y is the thick target yield in dps yA~* h7+, A is the 
activity of the radionuclide, in dps, determined at the end of irradia- 
tion, I is the irradiation current in uA, t is the length of time of 

the irradiation and A is the decay constant of the radionuclide. The 
theoretical yield for each reaction was calculated from the results 
reported by Zatolokin et al.*°°. The variations in the percentage of 
34MC] recovered, using different production parameters, are best explained 
by changes in the target gas pressure and the precipitation of elemental 
sulfur during irradiation. An increase in the hydrogen sulfide pressure 


inside the target would be expected to enhance °**"C] production by 
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increasing the effective cross-section and the stopping power of the 
target. The absolute yield of °*"C] would increase until the target 
could stop all of the proton beam, within the energy range covering the 
reaction cross-section (thick target). The thick target pressure of 
hydrogen sulfide for this target system was estimated at 700 kPa for 

22 MeV protons and 200 kPa for 12 MeV deuterons’°”. The higher target 
pressure also allowed a larger proportion of the target volume to be 
removed during recovery of the target gas. During the recovery of 

34M from the target, the residual hydrogen sulfide remaining in the 
target after atmospheric pressure was reached was not removed. The 
hydrogen sulfide was oxidized to elemental sulfur during irradiation and 
it was necessary to release the target gas slowly from the target or the 
precipitated sulfur particles would block the Quick Connectors! and ion 
exchange column in the recovery system. Addition of a carrier gas was 
found to aggravate the problem. Therefore the target was allowed to 
reach equilibrium with atmospheric pressure and the remaining radio- 
activity was not recovered. The precipitation of elemental sulfur 
during irradiation also resulted in a concommitant reduction of hydrogen 
sulfide pressure in the target, thereby reducing the effective cross- 
section of the target. The recovery of °*"C1 may have been further 
complicated by the formation of sulfur chlorides during the irradiation, 
which would have co-precipitated with the elemental sulfur’®°. 

The reaction products were analyzed and the radiochemical purity 
determined with a Ge(Li) detector. The spectra obtained for the 
3*S(p,n)2*MC1 and ?*S(d,2n)3?*"C1 reaction products were free from 
gamma lines which were not attributable to °*™Cl or °"Cl. The only 


interfering gamma line detected in the °*°Cl(p,pn)°*"C1 reaction 
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product spectrum was observed at 1.367 MeV. This gamma line corresponded 
to *"Na arising from the 7°Mg(p,2p)**Na*®? or the *°Mg(p,2He)* "Na? ®? 
nuclear reactions which could occur at the proton energies used. 

The half-lives of the reaction products were determined with 
either a Ge(Li) detector or a dose calibrator. Data collected with 
a Ge(Li) detector required long counting times and were corrected for 
decay occurring during the counting period with equation 5°°°: 
A(t, - ti) 


DOS ery UE ——$$__$______— Equation 5 
1-e7 te -t,) 


where T is the corrected time for the observed counts, 4 is the decay 
constant of the radionuclide and t, - ti is the counting time of the 
sample. A comparison of the half-life values determined for the 
product of each nuclear reaction is given in Table VII. These 
experimental values agree closely with the accepted half-life of 


32.0 minutes?>. 


TABLE VII. Observed Half-Lives for °*™c] 


Observed 

Target? Nuclear Analytical Half-Life 
Material Reaction Method (min) 
MgCl. SRLOAM raed ol ay: eee 63 Ge(Li) 82.1 
HS 34S (pn) 24MC] Ge(Li) 32.4 
Dose Calibrator SB hy // 
HS 34S(d,2n) 3*Mc] Ge(Li) 34.5 
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1. Target material was of natural isotopic abundance, /5.//% 
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Sis Bromine-82 


Bromine-82 (T% = 35.3 h) labelled 2'-BrUdR was prepared as described 
by Lee et al.****°* by direct neutron activation of the brominated 
precursor (III.C.1.d). This labelling technique was conniicarediny 
Szilard-Chalmers cleavage and thermal and radiolytic decomposition of 
the product. The free bromide-82 formed via the Szilard-Chalmers 
process during irradiation was efficiently removed by elution of an 
aqueous solution of the product through a mini-column of AgCl 
impregnated cellulose. The thermal and radiolytic decomposition 
products were readily separated from 2'-[°?Br]-BrUdR by rp-hpIc which 
was also used to simultaneously Heteenate the relative specific activity 
of the product. The specific activity varied with the time and 
intensity of neutron irradiation of the sample. The radiochemical 
purity of the final 2'-[°®?Br]-BrUdR was greater than 99%. 

The radionuclidic purity of the product was monitored with a 
Tracor 2200 gamma spectrometer and multichannel analyzer. Neutron 
activation of natural isotopic abundance Br produced four bromine 
radioisotopes concommitantly. The ’°Br(n,y) nuclear reaction produced 
80By (T$=17.7 min) and ®°™Br (T3=4.42 h) while ®*Br and °*"Br 
(T3 =6.05 min) arose from the °*Br(n,y)®*Br/®*"Br reaction?3. Analysis 
of the irradiated product, after allowing sufficient time for the total 


decay of ®°Byr, revealed no y-peaks not attributable to °*Br. 
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B. Synthesis of 6-Halouracil Analogues 


Nucleophilic displacement of a halogen atom provides a facile 
route to C-2, C-4 and C-6 substituted pyrimidines*’*?°’. Chlorine, 
bromine and iodine are displaced in aromatic nucleophilic substitution 
reactions with approximately equal facility. The usual order of 
reactivity is Cl >Br >I, which is opposite the normal order observed 
in nucleophilic substitutions. This reversed order of reactivity is 
explained by the fact that the formation of the intermediate-complex 
during the reaction is the rate-limiting step and this process is 
promoted by groups with strong -I (electron withdrawing) effects?°>. 
Therefore 6-chlorouracil (5b) and 6-iodouracil (5d) were selected as 
precursors for the synthesis of 6-[??°I]-iodouracil and 6-[?°C1]- 
chlorouracil respectively (Scheme 7). The stable starting materials 
were synthesized according to the procedures reported by Horwitz and 
Tomson®*. Details of the stable syntheses and reaction products will 
not be discussed in detail except where they are relevant to the 


labelling reactions. 
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and 6-([*6ci]-chlorouracil. 
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1. 6-[°°C1]-Chlorouracil (5b) 


6-Iodouracil (5d) was selected as the precursor for the synthesis 
of 6-[°°Cl]-chlorouracil (5b) rather than 6-bromouracil (5c) since 
6-chlorouracil was more readily separated from 6-iodouracil than from 
6-bromouracil. Initial attempts to synthesize 5b by the reaction of 
equimolar amounts of sodium chloride and 5d in dimethyl formamide 
yielded only trace quantities of 5b. This was probably due to the 
low solubility of sodium chloride in dimethylformamide. Halogen- 
halogen exchange reactions reach an equilibrium which can be shifted 
in the direction of the product by using an excess of the eared 
halide. This was not acceptable, as a molar excess of carrier nucleo- 
phile would have resulted in an inherent reduction in the radiochemical 
yield and specific activity of the product. The use of a chloride salt 
which is more soluble in the reaction solvent than the iodide salt would 
provide another method for shifting the equilibrium in the desired 
direction. With this in mind, equimolar quantities of anhydrous ferric 
chloride were reacted with 6-iodouracil. Unfortunately, this reaction 
gave a complex mixture of reaction products from which it was difficult 
to separate the desired 6-chlorouracil. The complex reaction mixture 
probably resulted from side reactions due to the oxidizing potential of 
ferric chloride?®®. On the other hand, reaction of anhydrous calcium 
chloride with 5d in dimethylformamide afforded 6-chlorouracil in greater 
than 60% chemical yield. This procedure was therefore used to prepare 
6-[°°C1]-chlorouracil. 

A preliminary experiment (Table VIII) indicated than an optimum 


radiochemical yield was obtained within 30 minutes using equimolar 
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quantities of reactants. Calcium chloride-36 was prepared quantitatively 
by the titration of calcium hydroxide with an aqueous solution of 
hydrogen chloride-36 and evaporated to dryness in vacuo at 85°C. The 
anhydrous calcium chloride-36 was allowed to react with 6-iodouracil in 
dimethylformamide for 30 minutes to give the *°Cl labelled 5b in 77% 
radiochemical yield. The identity of the product as 6-[%°C1]-chloro- 
uracil was established by co-chromatography with an authentic sample 

on silica gel tlc and rp-hplc. The 6-[°°C1]-chlorouracil was readily 


separated from 6-iodouracil using preparative-cc (silica gel). 


2.  6-[°7°I]-Iodouracil (5d) 


The synthesis of 6-[**°*I]-iodouracil] (5d) required a modification 
of the preparative procedure in order to obtain an acceptable specific 


activity and radiochemical yield. Preliminary experiments indicated 


TABLE VIII. Radiochemical Synthesis of 6-[2°C1]-Chlorouracil: Reaction 
Conditions and Radiochemical Yields. 


Ca>°Cl, §6-1U Ratio Temperature Time Radiochemical 
[umol] [umol] (C1 /6-iodouracil) 26 min Yield % 
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the reaction was concentration dependent with respect to iodide (Table 
IX). The lowest practical concentration of iodide was found to be 2.5 
to 3.0 umol of iodide per ul of dimethylformamide. Reactions using 
dioxane as solvent were not suitable, possibly due to the low solubility 
of sodium iodide and 6-chlorouracil. The data from the last experiment 
in Table IX also suggested that 5d was degraded at high temperatures 
with time. 

The optimum solvent volume for the synthesis of 6-[***I]-iodouracil 
was approximately 25 ul (Table X). Solvent volumes Jess than this were 
difficult to manipulate. Larger volumes unnecessarily diluted the final 
specific activity of the product due to the increased amount of carrier 
iodide required to keep the iodide:solvent volume ratio in the optimum 
range. 6-[***I]-Iodouracil (5d), prepared by the reaction of sodium 
jodide-123 with 6-chlorouracil (5b) under the conditions outlined in 
Table X, was separated from unreacted 5b and iodide-123 by preparative- 
tlc. The relative mobilities of 5d and 5b were very similar and in 
some experiments it was not possible to remove all of the starting 
material 5b. The chemical purity of the radioiodinated product 5d was 
determined by monitoring the uv absorption profile of the radio-rp-hplc 
eluent. Contamination levels of less than 1% of 6-chlorouracil in the 
6-[7*°1]-iodouracil product (on a molar basis) were readily detected 
(Figure 6). The radiochemical purity of 5d was determined by radio-tlc 
which was more efficient than radio-rp-hplc for detecting low levels of 
radioactive contaminants. The radiochemical purity of 6-[**°I]-iodo- 
uracil after preparative-tlc was greater than 95%. The residual 


radioactive impurity which was free iodide-123 was readily removed from 
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the final product by a AgCl impregnated DEAE-cellulose column. The 
final radiochemical purity of the product was greater than 99%. The 
purified 6-[*7?I]-iodouracil was quite stable on storage at 4°C as a 
dry film on the surface of a sealed glass flask. It exhibited only 


3% decomposition to free iodide-123 in a twelve hour period. 
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Trace B: 


Figure 6. 


Trace B 


Methanol:Water 9:1 v/v; 1.5 ml min7*; uv detection (254 nm); radioactivity detection 
(plastic scintillator); chart speed 1 cm min=?; Sil-1-x® C-18 reverse phase column 
(30 cmx3.9 mm id). 


Radioactive detector trace. Peak 1. Iodide-123 in column void volume (4.2% with 
respect to total **°I activity). Peak 2. 6-[7*°I]-IU (95.8% radiochemical purity). 


Ultraviolet detector trace. Peak 1. Column void volume. Peak 2. 6-CIU contaminant 
(0.7% with respect to 6-IU). Peak 3. 6-IU (99.3% chemical purity). 


Radio-rp-hplc Trace of 6-[*?*I]-Iodouracil After Preparative-tlc. 
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C. Synthesis of 2'-Halo-2'-deoxyuridine Analogues 


Uridine analogues, modified at the C-2' sugar position, are readily 
prepared by reaction of 2,2'-cyclouridine (21) with the appropriate 
nucleophile under anhydrous conditions (see II.D.2). The presence of 
water in the reaction mixture reduces the yield of the desired C-2' sugar 
Substituted product, due to a competing reaction in which water cleaves 
the 2,2'-anhydro bond by nucleophilic attack at the C-2 of the uracil ring 
to afford ara-U (23, R=H). Nucleophilic attack at the C-2 of uracil is 
kinetically favored with respect to attack at the C-2' sugar positicn 
because it requires a lower activation energy. When the nucleophile 
introduced into the C-2 position of uracil is a good leaving group, the 
reaction is readily reversible via attack of the C-2' arabino hydroxyl 
at the C-2 position to reform the 2,2'-cyclonucleoside. When the C-2 
substituent is an hydroxyl function, the thermodynamically stable uracil 
ring is formed, due to tautomerism to the 2,4-diketopyrimidine ring 
system, and reformation of the cyclonucleoside is not favoured. On the 
other hand, Sn2 nucleophilic displacement at the C-2' sugar terminus, 
which requires a higher activation energy, affords a thermodynamical ly 
more stable product than attack at the C-2 position. This is due to the 
formation of the stable uracil ring system and an sp? alkyl-nucleophile 
bond. This latter product is more resistant to recyclization than the C-2 
substituted product due to the higher activation energy barrier for the 
reverse process!®’. Cleavage of the 2,2'-anhydro bond by nucleophilic 
attack at the C-2' sugar position is facilitated in acidic media, 
probably due to protonation of the N-3 of the uracil ring’? (Scheme 6, 
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The synthesis and structural characterization of the 2'-halo-2'- 
deoxyuridine derivatives, first synthesized by Fox et al.*°>’* via 
reaction of anhydrous hydrogen halides with 2,2'-cyclouridine (21), 
have been discussed in the literature section. The radiohalogenated 
analogues (8a-d) were prepared by modification of these reported methods 
(Scheme 8). The stable analogues were first synthesized, via the 
modified methods subsequently used to prepare the radiolabelled 
analogues, to provide evidence for the structures assigned the radio- 
labelled analogues. This work will not be discussed except where the 


details are relevant to the radiosyntheses described. 


Pe 2seu-Cyclouridine (21) 


The synthesis of 2,2'-cyclouridine must be conducted under 
anhydrous conditions to prevent the desired product from reacting 
further with water to produce ara-U (23, R=H). In preparative scale 
reactions, trace quantities of moisture in the reaction mixture have 
little noticeable effect on the direction in which the reaction will 
proceed. On the other hand, traces of impurities in small scale 
reactions can significantly alter the outcome. In preliminary 
experiments designed to optimize the reaction conditions for the smal] 
scale synthesis of 6-[3H]-2,2'-cyclouridine from 6-[?H]-uridine, radio- 
chemical yields as low as 5% were obtained. The dimethylformamide used 
as the solvent in the reaction was stored over 3 A molecular sieves to 
remove traces of moisture inadvertently introduced during storage. 

When freshly distilled dimethylformamide was employed rather than 


dimethylformamide stored over molecular sieves the radiochemical yield 
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was greater than 80%. The low initial yields may have been caused by 
traces of aluminum-silicate powder from the molecular sieves (silica 

gel has been reported to catalyze rearrangement reactions?®® and cleave 
ethers?®?) or other impurities inadvertently added during use or formed 
during storage of the solvent. The reaction proceeded rapidly at 152°C, 
reaching a maximum radiochemical yield within 10-15 minutes (Figure 7) 
when freshly distilled solvent was used. Thus the preparative synthesis 
of 6-[3H]-2,2'-cyclouridine was accomplished in 83.7% radiochemical 


yield within 16 minutes at 153°C (III.C.2.h). 
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Figure 7. Radiochemical Yield of 6-[%H]-2,2'-Cyclouridine as a 
Function of Reaction Time. 
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2.  2'-Fluoro-2'-deoxyuridine (8a) 


Two methods for the synthesis of 2'-FUdR (8a) were investigated. 
The procedure reported by Codington et al.’* required reaction of 
2,2'-cyclouridine (21) with an excess of anhydrous hydrogen fluoride 
in dioxane for 18 hours at 110°C. These reaction conditions were 
modified by increasing the reaction temperature and decreasing the 
reaction time to compensate for the short half-life of ?°F (T =109.7 
minutes)?3. Optimum chemical yields of 2'-FUdR, determined previously 
in our laboratory by J. Mercer*’°, were obtained using ten equivalents 
of anhydrous hydrogen fluoride. Reactions using fewer equivalents of 
anhydrous hydrogen fluoride afforded significantly lower chemical yields 
of 2'-FUdR. Under these circumstances, a ten-fold excess of fluoride 
anion would afford a maximum theoretical pea oehenieal yield of 10% of 
the starting 7°F activity. When the chemical yield is considered, the 
overall radiochemical yield would be approximately 3%. The absolute 
and relative radiochemical yields of 2'-[?°F]-FUdR synthesized using 
anhydrous hydrogen fluoride-18 (see III.C.2.a) are given in Table XI. 
The concentration of anhydrous hydrogen fluoride trapped in the reaction 
vessel after the recovery of *°F from the target was difficult to 
control. The actual concentration present during reaction was 
determined by standard acid-base titration of an aliquot of the reaction 
mixture with sodium hydroxide to a phenolphthalein end point. The 
radiochemical synthesis proceeded poorly, affording 2'-[*°]-FUdR in 
trace quantities only. The relatively harsh conditions necessary to 
force the fluorination reaction also resulted in the degradative 


formation of uracil and other unidentified products which were less 
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TABLE XI. Synthesis of 2'-[+°F]-Fluoro-2'-deoxyuridine: Reaction 
Conditions and Radiochemical Yields using Anhydrous 
Hydrogen Fluoride-18. 


Anhydrous 
Hydrogen Molar Reaction Reaction Radiochemical 
2,2'-CUR Fluoride Ratio Time Temp Yield 
umo 1 umo 1 F-/2.2'-CUR min ZC BEE) 2 
7a 100 4.8 65 160 ORS (OF 2) 
49 — 360 Tse} 60 160-210 0.09 (0.70) 
22 1029 47 92 180 ORG 74) 
54 2640 49 61 185 0.40 (19.0) 
4.4 230 52 32 180 0213" (6.8) 


1. Absolute radiochemical yield recovered after purification by 
preparative silica gel column or thin layer chromatography, 
calculated back to end of irradiation. 


2. Relative radiochemical yield calculated on the theoretical maximum 
*8F which could be incorporated due to the excess of fluoride 
anion, calculated back to end of irradiation. 


polar than the desired product (8a) or starting material (21). The 
presence of ara-U (23, R=H) in some of the reactions indicated that 
moisture was not always completely excluded from the ?°F target- 
recovery system. 

While the developmental work for the synthesis of 2'-[*°F]-FUdR 
was in progress, Mengel and Guschlbauer*°° published the synthesis of 
2'-Fluoro-2'-deoxycytidine (12a, 2'-FCdR) via the reaction of a 
potassium fluoride-crown ether complex with 2,2'-cyclocytidine hydro- 
chloride. The direct application of this method to the synthesis of 


2'-FUdR from 2,2'-cyclouridine was unsuccessful. Under similar 
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conditions, 2'-FCdR was obtained from 2,2'-cyclocytidine hydrochloride 

in good yield (see III.C.2.b). This indicated that the reported 
procedure had been properly reproduced and that the synthesis of 2'-FUdR 
required different reaction conditions. Upon the addition of trifluoro- 
acetic acid to the crown ether-potassium fluoride reaction, to facilitate 
cleavage of the 2,2'-anhydro bond, small quantities of a product with 
similar chromatographic R>e values (silica gel-tlc and rp-hplc) to 2'-FUdR 
were detected. The quantity of product recovered was too small to allow 
more rigorous structural determination of the unlabelled product. 
Preliminary syntheses with potassium fluoride-18 indicated that low 
levels of *°F were associated with the product, suggesting that 2'- 
[+°F]-FUdR hy have been synthesized using this method. These results 
warrant further investigation into the synthesis of 2'-[1°F]-FUdR using 
the potassium fluoride-crown ether reagent. 

The low absolute radiochemical yields and the short physical half- 
life of 1®F precluded the use of 2'-[+°F]-FUdR directly for further 
biological studies. Therefore the 6-[°H]-2'-FUdR analogue was 
synthesized (see III.C.2.a) as an alternate radiolabelled analogue of 
2'-FUdR. 6-[2H]-2'-Fluoro-2'-deoxyuridine was prepared, using the 
reaction conditions determined by J. Mercer?’°, via the reaction of 
excess anhydrous hydrogen fluoride with 6-[32H]-2,2'-cyclouridine at 
110°C for 15 hours. A lower reaction temperature than that used in 
the 1°F syntheses was employed to decrease the number and amount of 
thermal degradation products formed at high temperatures. An 
unidentified 3H-containing contaminant having a similar but slightly 


less polar Re value than 6-[2H]-2'-FUdR required sequential purification 
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by silica gel tlc using two different solvent systems before an 


acceptable radiochemical purity (98.9%) was obtained. 


3.  2'-Chloro-2'-deoxyuridine (8b) 


The procedure reported for the synthesis of 2'-C1UdR (8b) was 
reinvestigated to determine if a practical chemical yield could be 
obtained within a time period compatible with °*"C] (T3 = 32.0 minutes) ?° 
and to evaluate nucleophilic chlorinating reagents other than anhydrous 
hydrogen chloride. Preliminary experiments on a small scale (1-5 mg) 
indicated that the reaction of 2,2'-cyclouridine with an sara of 
chloride anion (ammonium, calcium, magnesium and sodium salts) afforded 
2'-ClUdR in nearly quantitative yield, as determined by the disappearance 
of 2,2'-cyclouridine from the reaction mixture monitored by chromato- 
graphic analysis using rp-hplc. Sequential analysis of the reaction of 
ammonium chloride with 2,2'-cyclouridine was used to determine the 
optimum reaction time. The reaction proceeded rapidly in both dioxane 
and dimethyl formamide, with only a trace of 2,2'-cyclouridine remaining 
after 15 minutes at 150°C. Dimethylformamide, rather than dioxane, was 
chosen as the solvent for further syntheses, due to its superior 
solvating properties. 

Reaction of magnesium chloride-34m, produced by proton irradiation 
of a solid magnesium chloride target (see III.C.1.c) with 2,2'-cyclo- 
uridine afforded 2'-C1UdR as the major product in near quantitative 
yield, but low radiochemical yield (1-3%). The low radiochemical yield 
was due to the large amount of material necessary to prepare the solid 


target, therefore resulting in a large excess of non-radioactive 
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chloride anion in the reaction mixture. The identity of the product 
was confirmed by comparison of tlc, rp-hplc and *H nmr data with an 
authentic sample. 

An alternative method for producing °*"Cl using the °*S(p,n)?%MCc1 
and ?*S(d,2n)?*"C1 reactions provided °*™C] having very high specific 
activity (NCA). Chlorine-34m produced by irradiation of hydrogen 
sulfide gas could be readily separated from the target gas using an 
anion exchange resin (III.C.1.c). Preliminary experiments in which 
equimolar quantities of the chloride form of Dowex 21-K anion exchange 
resin and 2,2'-cyclouridine (21) were heated in dimethylformamide and 
trifluoroacetic acid indicated that a maximum chemical yield of 2'-C1UdR 
was obtained within 10 minutes at 160°C. Longer reaction times resulted 
in decomposition of the product to ara-U. These results were also 
observed during the reaction of Dowex 21-K-°""C] with 21 in dimethyl- 
formamide at 155°C (Table XII). A maximum radiochemical yield (34.5%) 
was obtained within 5 minutes. When the reaction temperature was 
decreased to 140°C, a small increase in radiochemical yield from 31 to 
36% at 10 minutes was obtained. The presence of ara-U in the reaction 
product was most likely due to incomplete drying of the Dowex 21-K anion 
exchange resin. The resin proved to be a facile chlorinating reagent 
and facilitated purification of the 2'-[°*"C1]-C1UdR by retaining the 
majority of unreacted chloride-34m. 

2'-[3®C1]-Chloro-2'-deoxyuridine rather than 2'-[?"*™"C1]-C1UdR was 
used in the biological studies, as the long half-life of °°Cl (Ts=3 x 
105 y)33 was more convenient than the short half-life of °*"Cl for 


sample manipulation and analysis. The 2'-[°°C1]-C1UdR was prepared via 
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TABLE XII. Synthesis of 2'-[°""C1]-Chloro-2'-deoxyuridine: 
Reaction Conditions and Radiochemical Yields. 


Dimethy1- 
formamide 2,2'-Cyclo- 

Volume Chloride? uridine Temperature Time Radiochemical 
m1 umo 1 umo1 86 Mines Yietda (27 
iby 6379 SH Ls 5 5 55 

10 31 
if) (Eg 
320 Go<0 57.5 140 10 36 


1. Dowex 21-K anion exchange resin. 
2. Decay corrected to EOB. 


the reaction of 2,2'-cyclouridine with sodium chloride-36, and recovered 
in 29% radiochemical yield after preparative-cc purification. The final 
specific activity (5.46 MBq mmol~*) of the product was equal to the 
specific activity of the starting material, indicating that no dilution 
with extraneous chloride had occurred during the reaction and purifica- 
tion procedures. 

The tritiated analogue 6-[%H]-2'-ClUdR with a higher specific 
activity (11.1 GBQ mmol~?) than 2'[°°C1]-C1UdR was prepared via the 
reaction of anhydrous calcium chloride with 6-[?°H]-2,2'-cyclouridine. 


6-[3H]-2'-Chloro-2'-deoxyuridine was obtained in 53.2% radiochemical 


yield after preparative-tlc purification. 
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4, 2'-Bromo-2'-deoxyuridine (8c) 


6-[2H]-2'-Bromo-2'-deoxyuridine was prepared as an alternative 
tracer for 2'-[°*Br]-BrUdR via reaction of potassium bromide with 
6-[2H]-2,2'-cyclouridine. The product was purified by preparative-tic. 
In contrast to 6-[*H]-2'-C1UdR (8b), 6-[2H]-2'-BrUdR (8c) was not stable 
when stored at 4°C. Both tritiated nucleoside analogues 8b and 8c were 
prepared from the same sample of 6-[7H]-2,2'-cyclouridine and were 
stored under similar conditions. 6-[*H]-2'-Chloro-2'-deoxyuridine was 
still 98% radiochemically pure after storage as a solid under refrigera- 
tion for seven days. On the other hand, 6-[*H]-2'-BrUdR was only 85.3% 
radiochemically pure after storage under identical conditions for the 
same time period. The major radioactive impurity corresponded closely 
with the retention time of ara-U (23, R=H) as determined by rp-hplc 
analysis. This suggested that the tritium label was stable. The 
instability of 6-[*H]-2'-BrUdR may be explained by intramolecular 
nucleophilic attack of the C-2 oxygen of uracil at the C-2' sugar 
terminus to displace bromide anion which is a good leaving group. 
6-[3H]-Arabinouridine (23, R=H) could then arise from nucleophilic 
attack by water at the C-2 of the uracil moiety to cleave the 2,2'- 
anhydro linkage in a manner similar to the mechanism proposed by 
Watanabe et al.°°. Recent studies with cytidine analogues which have 
good leaving groups in the ribo-, arabino- and xylofuranosyl configura- 
tions indicated that these positions may undergo intramolecular 
nucleophilic displacement reactions in vivo that eventually lead to 
the unsubstituted arabinofuranosyl nucleosides as shown in Scheme 9. 


The relative stability of the 6-[SH]-2'-C1UdR analogue may be explained 
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Scheme 9. Intramolecular Conversion of Modified Cytosine Nucleosides 
to Ara-C®°*. 
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by the poorer leaving ability of chloride in comparison with bromide. 
Watanabe et al.°° also noted that the conversion of 3'-iodoxylocytosine 
(30, x =I) was converted to ara-C (29, x =OH) at a slower rate than 
3'-bromoxylocytosine (30, x=Br). This was attributed to differences 
between the furanose conformations of the C-3' substituted nucleosides 
in which the 3'-iodo-sugar assumed a conformation less favourable to 
nucleophilic displacement by the 2'-hydroxyl function. Therefore, 
following a similar line of reasoning, the differences in stability of 
8b and 8c may also be due to differences in the preferred conformations 
assumed by the C-2' substituted analogues. The conformation of the 
2'-bromo analogue could facilitate the displacement of the bromine atom 
by the uracil C-2 oxygen whereas the 2'-chloro sugar conformation could 


be less favourable to displacement of the chlorine atom. 


5.  2'-Iodo-2'-deoxyuridine (8d) 


Recovery of ?*°I anion, for the synthesis of 2'-[*?°I]-IUdR (8d), 
from the cold-finger trapping surface (see III.C.1.e) was independent 
of the construction material of the cold-finger. The radiochemical 
yield of 2'-[123I]-IUdR was also independent of the trapping surface 
of the source of *+7°I but was influenced by the exchange solvent used 
to remove the 123] from the cold-finger. The radiochemical yield of 
2'-[123I]-IUdR rapidly reached a maximum, then slowly decreased when 
an aqueous exchange solvent was used (Table XIII). When a methanolic 
exchange solution was employed the radiochemical yield and rate of 
reaction were similar to that observed with an aqueous source of **°I. 


However, the yield did not decrease with reaction time but rather 


Bet 


witht a7 cs qs £ 35. (eee ah 2 
i) oblusini ia 20 Rae 

* © i " A ° WF . : 

Lae Lycee Ee Ree +) ae Ve we 


Lae" 008 at 26a) Aor TOTAGS 


f b Fart & ’ i SAY. oh fe] i hh & a3 


af es ie 


i eee hou hesatete aay fl csr eae , 


iS 3 Et) i 0Oea Bart 4 rs ee > Be .} » TUB ‘ie 


vide ae eontt ‘ene 5 


: va ° oe 
tite -aeemowe apy he trepedelghke wilt gael fay bon mayo ns rd 


tt SATE? 9 he PR Se ae peeat ss 
Siete pe a f “a ‘. ey Nw ti SE. 
Pi COO TEENY SAF cubby > «RT oy 


~? 


OTE VEE GaP NE Pits aes, Te | 


x ba 


bag tagebtie seat atti tif ane i we, 


wa 


70 stay Bus blerye thectmeyt oclug att 
reas 0. Borg? : a Ke at | ’ = da 
cay ate ey ae beg 


ATanente ga bth ‘hart py tata), wth 


137 


“AdLUARD DLdOJOSL-UOU Se apPLuOLYyD WNLpos Lown QGT pesn ° 


"SUOLZDLIU YIOG UOJ BOUNOS aWeS JY} WOUS SEM [,7, AL “2 
I 


"UOLZILIA UL BPLPOL SSadXa ULM ALqLSsod pLaLlA LedLWaYydOLpeu LeILJauodyZ wiNWLXeW UO PazeLNDLeI PLalA * 


e/ GI OS1-SZI vv Cat 
G9 GI OSI-S2I vv Cat Louryzow Zyuenb 
G 02 rach 9°2 »WON 
G 02 GET-OIT O°T O°V fot 4a 7em Zyuenb 
212 GI cel G°e eWIN 
2LL O€ GET OL 9°2 1 Loueyzou piob 
78 G2 GET OnT 9°2 pt 
LS 02 OvT Os 8° vit 
i GI Gel Oot vv Taek Loueyzou p.ob 
(29) 8v ey 
(09) Lv PAS 
(8S) Sv GI GET ey 6°v €°9 L oueyzoul piob 
(Iv) LE 09 
(7S) 60 3 
(v9) 8S GI O21 G*0 0°6 0°OT 4azeM Jaddoo 
RE EE.c BE ie et eg i Re ee ee 
1(%) % ULw Je [w Low [ owrl }USALOS [eLuazewW 
PLOLA OWL | dwa | awn LOA SULpLUN IpLpoy abueyox4y DULGGPAL T.o4 
| POLWAYDOLpPeY UOL}ZDeOY UOLZILOY JUeXOLG -O0,9A9-,2°Z ADLUNeY 


“SPLOLA [POLWAaYIOLpeYy pue SUOLZLPUOD UOLJIeDY :AULPLUNAXoap-,Z-OPOI-[T_ezr]-12 JO SESByqUAS “ITIX JATAVL 


Sti 


RESH G20: Teaay 


re 
@ 


Lard 


«he 


Lo! 


a 


- . ad 
rue 


ie 18S Fer 


‘ 
yw 


IGiS Cescnypeseq- 


? 


ee ee ee ——— 


ae 


cee 


we) Se 

r 

. 

cr” 4 

al “oy, 

rh) co 
iw 
' 


at, 
 e = 
sweo 


1 
— ‘ 
: * 

TY "So 


ao cs, 
° 


+ *% 


2 ft 


/ 


eal 
ar 
toe 
vs 2 

ey (> 


a ee 


he foal 


Cora '+ 


138 


increased slowly. The addition of a small amount of carrier iodide 
influenced the direction and yield of the reaction. In no-carrier- 
added (NCA) reactions, in which sodium chloride was used as a non- 
isotopic exchange carrier, the radiochemical yields were lower than 
observed in carrier-added syntheses using the same ?*°I source. In 
addition, the number of radioactive side-products was greater in 
reactions using no-added-carrier iodide (Figure 8). Limited shelf-life 
Studies in normal saline at 20°C and 37°C indicated that 2'-[*?°I]-IUdR 
was stable in vitro, exhibiting minimal loss of iodide-123 within 21 
hours. The in vitro stability of 2'-[**°I]-IUdR was unexpected in 

view of the facile intramolecular displacement of good leaving groups 

in the C-2' position by the C-2 oxygen of the pyrimidine ring. The 
stability of 2'-IUdR was also unusual in view of the instability of 2'- 
BrUdR, since iodide is a better leaving group than bromide. The unexpected 
stability of 2'-[+*°I]-IUdR could be due to the 2'-iodo-sugar adopting 

a conformation in which the displacement of the C-2' substituent is less 
favoured than in the conformation adopted by the 2'-bromo analogue, as 
discussed in section IV.C.d. 

The synthesis of 2'-[*?°I]-IUdR was complicated by the presence of 
sodium hydroxide in the 17°I solution (iodination grade). The synthesis 
proceeded smoothly when a two-fold excess of 2,2'-cyclouridine and 
trifluoroacetic acid (based on the sodium hydroxide concentration) was 


used, providing 2'-[1?2°I]-IUdR in moderate yield (III.C.2.f). 
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Trace A 


TraceB 


ies) 


Trace C 


Methanol:Water 9:1 v/v; 2.0 ml min™?; uv detection (254 nm); radioactivity detection 
(plastic scintillator); chart speed 1 cm min™*+; Sil-1-X® C-18 reverse phase column 
(30 cmx 3.9 mm id). 


Radioactive trace of no carrier added reaction. Peak 1. Iodide-123 (column void 
volume). Peaks 2&3. Unidentified radiochemical contaminants. Peak 4. 2'-[1+?°I]-IUdR. 


Radioactive trace of carrier added reaction. Peak 1. lIodide-123 (column void 
volume). Peak 2. 2'-[727I]-IUdR. 


Ultraviolet detection of carrier added reaction. 
Peak 2. 2,2'-Cyclouridine. Peak 3. 2'-IUdR. 


Peak 1. Column void volume. 


Radio-rp-hplc Trace of 2'-[***I]-Iodo-2'-deoxyuridine Prepared With and Without 
Added Carrier Iodide. 
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D. Biological Evaluation 


The biological evaluation of the radiohalogenated nucleobases and 
nucleosides synthesized as tumor probes has been limited to in vivo tissue 
distribution studies in murine tumor models. The ideal situation would 
allow research and diagnosis with new radioactive tumor-diagnostic aeents 
to be done with the human model. Although transplantable tumors in rats 
and mice are obviously not identical to spontaneous tumors in man, 
studies using tumor models provide important biological information not 
obtainable by other methods. 

The metabolism of the radiohalogenated pyrimidines tested was not 
investigated because the gammma camera can not distinguish between radio- 
activity emitted by the original radiotracer and radioactivity emitted by 
metabolites of the tracer. No rigorous attempt was made to identify the 
radiolabelled metabolites by conventional methods once the animal had been 
injected. The initial tissue distribution studies were evaluated on the 
basis of whether or not these new radiolabelled agents would be useful for 
the non-invasive delineation of a tumor mass. Therefore, the overall dis- 
Paputich of the radiolabel, as viewed externally by a gamma-camera, was 
the criterion used in the evaluation. The important aspects of these 
studies were to determine if the radiolabelled analogues would: 

1. demonstrate high tumor to background ratios and therefore 

enable visualization of the tumor, and 
2. accumulate in the tumor in sufficient concentration to 
provide adequate count rates for gamma-camera imaging. 
The differential tissue distribution data for the radiolabelled pyrimidine 
base and nucleoside analogues has been expressed as percent injected 


radioactive dose incorporated per gram of tissue; percent injected 
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radioactive dose incorporated per whole organ; tissue to blood ratios; 
and specific activity (dpm or cps mg-') of each tissue, and are tabulated 
in the appendices. The tissue uptake has been expressed as a percentage 
of the injected radioactive dose because the absolute concentration of 
radiolabel in each tissue was important and the chemical identity of the 
radioactivity was not established. The tissue to whole blood ratios 

were used because it is the total radioactivity present in the 
circulating blood that comprises the background radiation detected by 


the gamma-camera. 


1.  Biodistribution of 6-[1771]-Iodouracil 


The distribution of 6-[**%I]-iodouracil was studied in male Wistar 
rats bearing intramuscular Walker 256 carcinosarcomas. The absolute uptake 
of radioactivity after intravenous injection of 6-[17°1]-iodouracil 
(0.73 umol per rat) was low in all the tissues studied (Table XIV). 

Most of the radioactivity remained in the blood during the study. The 
blood contained 28% of the dose 15 minutes after injection and 2.5% 
after 8 hours. This preponderance of blood radioactivity was reflected 
in the low tissue: blood ratios observed for the other tissues. The 
liver, kidney and tumor accumulated 1% or more of the dose after 15 
minutes, but did not concentrate the radioactivity from the blood. 

This was indicated by the low tissue: blood ratios observed for these 
tissues. The gradual rise in tissue: blood ratios for tumor and liver 
observed until 2 hours after injection may have been due to the decrease 
in blood radioactivity, rather than uptake and metabolic trapping by 


either organ, since the absolute concentration of radioactivity of both 
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TABLE XIV. 


Tissue 


Blood 


Thyroid 


Liver 


Kidney 


GIT 


Stomach 


Tumor 
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Time in minutes 


120 


ioe 
3.68 


240 
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702 
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Percent Dose of *+?77I Incorporated per Whole Organ of 
Walker 256 Carcinosarcoma Bearing Wistar Rats after 
Injection of 6-[1?31I]-Iodouracil. 
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the liver and the tumor decreased during that time period. The only 
tissues which demonstrated tissue: blood ratios greater than 1 were 

the stomach and the skin (Figure 9). This observation was probably 

due to the accumulation of radioiodide released from 6-[+27I]-iodouracil 


in vivo. The stomach can accumulate iodide in the gastric juice up to a 


concentration 40 times that found in the plasma!’!. Iodide is also known 
to concentrate in the inner layers of the epidermis of the skin and 
become organically bound in the hair*’?. The latter phenomenon seems 

to be peculiar to the rat. Thyroid accumulation of radioiodide was 
inhibited by prior addition of potassium iodide to the animals' drinking 
water. An increase in the plasma iodide level decreases the conversion 
of free iodide to organically bound iodide in the thyroid and saturates 
the iodide concentrating mechanism of the thyroid. Excess plasma iodide 
reduces but does not completely inhibit transport of iodide by the 
stomach and small intestine?°?°+7+. The most important route of iodide 
excretion is via the kidney into the urine. 

Excretion of unchanged 6-[**?I]-iodouracil accounted for approxi- 
mately one third of the urinary radioactivity up to 2 hours post 
injection (Table XV). The balance was due to free iodide and 
unidentified, polar metabolites retaining the radioiodine moiety. 

After 4 hours, the majority (91.6%) of the urinary radioactivity was 
excreted as free iodide. The low uptake of radioactivity by the liver, 
the major site of pyrimidine metabolism’’*, may account for the 
relatively large proportion of unmetabolized 6-[*?*I]-iodouracil found 
in the urine up to 4 hours after injection. 6-[***I]-Iodouracil may be 


considered an analogue of orotic acid or uracil. The saturation capacity 
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TABLE XV, Urinary Excretion Analysis after Intravenous Injection of 
6-[***I]-Iodouracil into Wistar Rats Bearing a Walker 256 
Carcinosarcoma (n=3). 


Proportion (%) of urinary radioactivity associated with: 


Time (min) lodide* 6-IU? Unidentified? 
Post Injection Meee SD easD tS) 

15 TSG ee OS late One Bile cack lee 

30 Sab tase mS 4365 2220.0 49.9 + 19.0 

60 Soop Le LOeL Lie ec 4020s 43 

120 Seno a 4 JOR PLEO, 5 3120264056 

240 Ol etude. 9 9.4 2246.0 29 bet e922 

480 O16 %E02 25 LnyAepens RO bas Ie ce ee 

960 86.3 + 4.2 1.7+ 0.8 I? se 3.8 
1560 9496 -t7-2.0 Orlre OFZ Seorter lial 


1. Fraction of urinary 4231 retained on the AgC1-DEAE cellulose 
mini-column. 


Fraction of urinary *?°I co-chromatographing with authentic 6-IU. 
Fraction of urinary +2?I unaccounted for by 1) and 2). 


of the normal rat liver for metabolizing orotic acid in the circulation 
was found to be approximately 5 mg kg~* (33 uM)*’%. Uracil was not 
incorporated into the RNA of normal rat liver to the same extent as 
orotate, but was catabolized and excreted’’*. For example, more than 

80% of 2 mg (18 umol) of 2-[7?*C]-uracil injected intraperitoneally into 
normal rats was degraded to CO, within 3 hours and 5% was recovered 
unchanged in the urine?’*. The injected dose (0.72 umol) of 6-[*7°I]- 
jodouracil would have been expected to be within the metabolic capacity 
of the normal rat liver based on uracil or orotic acid metabolism in 

the rat. However 6-[12°I]-iodouracil was not metabolized as efficiently 


as the reported metabolism of either orotic acid or uracil. 
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The tissue : blood ratios indicated that 6-[**?I]-iodouracil did not 
attain a concentration gradient of sufficient magnitude to allow non- 
invasive tumor imaging, a conclusion substantiated by the gamma ray 
camera studies. It was evident from the images obtained that the 
injected radioactivity was excreted quickly by the urinary system and 
accumulated in sufficient concentration to delineate the bladder within 
5-10 minutes after injection. Sixty-five minutes post injection the 
kidneys and bladder were evident but the abdominal pecrOnunae a diffuse 
area of relatively high activity (Plate 1). After 4 hours, only the 
stomach and bladder were evident and the image for 6-['?%I]-iodouracil 
closely resembled the image obtained 75 minutes after injection of 
sodium iodide-123 where the stomach (large focus of radioactivity) and 
the bladder (smaller focus of radioactivity) were the only tissues 
clearly delineated (Plate 1). 

Another tissue distribution study was undertaken when 6-chlorouracil 
and 6-[+2°I]-iodouracil were injected simultaneously to determine the 
effect that 6-chlorouracil may have had on the differential biological 
distribution of radioactivity after injection of 6-[**?I]-iodouracil. 
It was necessary to determine this effect since the removal of 6- 
chlorouracil from 6-[77%I]-iodouracil after purification was not always 
complete. The data in Table XVI compare the tissue: blood ratios for 
several tissues after the injection of 6-[?7?I]-iodouracil with and 
without co-injection of 6-chlorouracil. The data indicate that co- 
injection of even an excess of 6-chlorouracil, on a molar basis with 
respect to 6-iodouracil, had little effect on the overall tissue 


distribution of 6-[1*?I]-iodouracil. 


a 
23 
a 
oa 
~ 
a. 
“ 
ne 
= 
? 
—my 
2a 
a 
in s 
at 


SOR BES 
Rok watt i OF i: taal sat 
+ eo BAN yd tae 973 ed 


ted Danrayde, ene slat ‘ot i 
Mie SENS. Vey sith ed: i echea 


Hd NOtPsen? S209 na hunt ne 

Tih 8. €AW ROT Sy Le rngnts Gp) oe 

sas KPRe paver d A AERA OTs ot ata 
omMohe rete? ** j~d egF agen ait bia 


: hw? ¥ a ee 
fo wbteaaiit! vegies fatale 2) Ae 
HeaTT WHO sats “ie | etvrtone 


SHE "Dt ho pet eye iteniabas Bais i . 
ee 1 MoM) aie 


Fectpotahd Terdaraeyy ni ons ne’ ‘back 


as, 


of Re erucbine nh Nga, No Won 
se irate ‘ee weet 4 


W } id wee 


ayeaté hail ita Laciausiien te 


rit, pia ie 


0K bases i eee a owt ‘tee 


a tw 2read soo ® te, a ‘samen 


ouatht Hisnove te no ta ; 


gts en rie 


147 


6-[1-123]-1U 
5x10" Counts 


65 Minutes After Injection 


Nal-123 
1x10? Counts 


75 Minutes After Injection 


2'-[1-123]-1UdR 
1x10? Counts 


120 Minutes After Injection 


Plate 1. Gamma Camera Images of Wistar Rats Bearing Intramuscular 
Walker 256 Carcinomas ( Searle HP Camera with Pinhole Collimator) 
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The low tissue utilization of 6-[***°I]-jodouracil by any of the 
tissues analyzed was reminiscent of the tissue distribution data reported 
for 5-iodouracil and 5-iodoorotic acid labelled with 131]77°. In these 
studies neither 5-[*°*I]-iodouracil nor 5-[1°?I]-iodoorotic acid 
demonstrated significant preferential concentration in either normal 
tissues or experimental tumors. Others’’® have reported poor utilization 
of 5-[*H]-sodium orotate in normal tissues of rats bearing hepatomas 
with varying growth rates. Only the liver, kidney and hepatoma were 
reported to have incorporated radioactivity from the blood. In the 
Same tumor models, 5-[*H]-uracil demonstrated a similar qualitative 
pattern of tissue incorporation to that of 5-[2H]-orotate, although 


the extent of uptake was quantitatively less. 


2. Tissue Distribution of 6-[%H]-2'-Fluoro-2'-deoxyuridine 


The tissue distribution of 2'-FUdR was studied with the tritiated 
analogue 6-[3H]-2'-FUdR rather than the ?°F labelled compound for 
convenience due to the short half-life of *°F. Male Wistar rats 
inoculated with Walker 256 carcinomas were used as the tumor model. 

The kidneys and liver rapidly accumulated radioactivity after 
intravenous injection of 6-[3H]-2'-FUdR (3.5 pmol per rat) and accounted 
for greater than 3 and 32% respectively of the dose 15 minutes after 
injection (Table XVII). The blood contained 5% of the radioactive 
dose after 15 minutes and this level remained constant during the 6 
hour time period examined. The remaining tissues examined, including 
the tumor, gave no evidence for accumulation of 6-[%H]-2'-FUdR or its 


radiolabelled metabolites. The tissue: blood ratios for these tissues 
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TABLE XVII. Percent Dose of 7H Incorporated per Whole Organ 
of Walker 256 Carcinosarcoma Bearing Wistar Rats 
after Injection of 6-[°H]-2'-Fluoro-2'-deoxyuridine. 


Time in minutes 


Tissue 15 30 60 120 240 360 
Blood x 5.06 yy? 4.49 4.29 4.31 4.29 
SD 0.78 0.68 0.53 ual) 0.35 0.33 
Liver x 31.70) ) 19,53 9.95 3.37 2.96 2.85 
SD ge22 6.50 1.37 0.69 0232 0.58 
Spleen X 0.23 0.22 Gb22 0217 0.18 On2t 
SD 0.04 0.05 0.02 0.02 0.09 0.08 
Kidney x 3435 2552 1.47 0.63 0.46 0.50 
SD 0.42 0.30 0217 Ow12 O21 0.16 
GIT x 0.29 0027 0223 0.23 0.16 0:22 
SD Ori? 0.10 0.08 0.08 0.09 0.07 
Stomach x O41 0-37 0.38 0.31 0.20 0.36 
SD 0.11 0.08 0.09 0.08 0.03 0.10 
Tumor x 0.41 0.28 0.24 0.30 0227 0.26 
SD 0.19 Oe 7, 0.20 0.09 0.10 0.14 


an nnn ee aaE aE ys SESE SEESSSSnESSSnSE 


Blood volume calculated as 6.5 % of body weight’’’. 
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remained constant at each time period studied, indicating that blood 
perfusion rather than tissue uptake accounted for the majority of the 
radioactivity observed in the tissues (Table XVIII). Tumor: blood 
ratios at no time exceeded unity and were comparable, within experimental 
error, to the values calculated for the spleen, gastrointestinal tract or 
stomach. These latter tissues have high cell growth rates and would 
be expected to incorporate exogenously supplied nucleosides more readily 
than less actively growing tissues. 

2'-Fluoro-2'-deoxyuridine has been shown to be a substrate for 
the erythrocyte nucleoside transport mechanism!’®. The mono- and 
diphosphate of 2'-fluoro-2'-deoxyuridine were shown to be substrates 
of a number of enzyme systems 76°77, 2'-Fluoro-2'-deoxyuridine 
could therefore enter and be metabolized in the liver in a manner similar 
to that of uridine. The half-life of 5-[*H]-uridine clearance from 
plasma was reported to be approximately 6 to 9 minutes?’°?>?°°, This can 
be attributed to the rapid degradation of uridine in the liver, which 
catabolizes 70 to 90% of the uridine entering the organ?’*>18?. The 
metabolites of 5-[2H]-uridine were 5-[?H]-uracil and [%H]-water. A 
constant level of blood radioactivity was observed up to 4 hours after 
injection of 5-[%H]-uridine. 

The small dose (3.5 pmol per rat) of 6-[2H]-2'-FUdR injected could 
have been cleared from the circulation very quickly by the liver, 
possibly on the first pass. If 6-[2H]-2'-FUdR was metabolized ina 
manner analagous to 5-[*H]-uridine, the tissue distribution of *H would 
not accurately reflect the tissue distribution of *°F that would be 


obtained with 2'-[1°F]-FUdR. The radiolabelled catabolites of 
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TABLE XVIII. Tissue to Blood Ratios of *H in Various 
Organs in Walker 256 Carcinosarcoma 
Bearing Wistar rats after Injection of 
6- [2H] -2'-Fluoro-2'-deoxyuridine. 


Time in minutes 


Liver Rap 9558) Sfp 30061 le 03 a 0097 40792 

Spleen X 1807 oO lume 05mm G0uwe70'—8 110 
S 

Kidney X Gale), 45550 02 757 me in2ae cO7e © 1st 
S 

St dmachwyexusumOwOs PhO: 76geu0: 8928F087410n02534160.97 


Tumor x 1,00 0.87 0.82 0.69 0.62 0.76 
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2'-[*°F]-FUdR would be expected to be the fluorinated ribose analogue 
and fluoride-18 in contrast to 6-[*H]-uracil and [3H]-water, the 
analogous metabolites of 6-[*H]-2'-FUdR. Therefore, the interpretation 
of the tissue distribution data of 6-[3H]-2'-FUdR in relation to the 
Suitability of 2'-[*°F]-FUdR for tumor imaging must be made with caution. 
The high levels of 7H in the liver suggested that 6-[3H]-FUdR was taken 
up and possibly metabolized in the liver. The very low fraction of 3H 
in the tumor after injection of 6-[2H]-2'-FUdR indicated that the 
absolute concentration of radioactivity in the tumor after injection 

of 2'-[*°F]-FUdR may be too low for accurate external visualization of 


the tumor. 


3. Tissue Distribution of 2'-[?°C1]-Chloro-2'-deoxyuridine 


To allow for lengthy analytical procedures, 2'-C1IUdR labelled with 
long-lived °°Cl was used for the tissue distribution studies rather than 
the shorter-lived ?*"cl radioisotope. The differential tissue distribu- 
tion studies were conducted using male BDF, mice bearing a subpannicular 
Lewis Lung carcinoma as the tumor model. The tumors were used 8 to 10 
days after implantation and ranged from 100 to 300 mg in size. 

The injected radioactivity (7.78 kBq, 1.37 umol per mouse) was 
removed rapidly from the blood with less than 1% of the dose remaining 
in the blood 2 hours after injection. The liver, spleen, kidney, gastro- 
intestinal tract and tumor were the major organs to take up °°Cl activity 
(Table XIX). Comparison of the tissue uptake of *°Cl after injection of 
2'-[3°®C1]-C1UdR indicated that the tumor, kidney and spleen accumulated 


the radioactivity more efficiently than the other tissues (Table XX). 
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TABLE XIX. Percent Dose of 7*Cl Incorporated per Whole Organ 
of Lewis Lung Carcinoma Bearing BDF, Mice after 
Injection of 2'-[3°C1]-Chloro-2'-deoxyuridine. 


Time in minutes 


Blood Xx 32261) 204m laGd. | 1 Olam On72m F 10.58 
S07 80-421 Pi oom moroo. 0.34, 100 7 O14 


Liver X 3261 1785 Teo 2 0.89 0853 0.54 
SD 0.86 0228 0282 0233 OFS OF 10 


Spleen X 2ai2 1.76 1.48 1207 0.60 0258 
SD Oks y4 0.18 0235 0.68 0.20 0.13 


Kidney X 1323 0.69 0253 0.30 O21 0.28 
SD 0523 0.07 0.21 0.08 0.03 0.21 


GIT X 4.09 23.63 2-65 1502 0.86 1.00 
SD 0.92 0.38 1.05 0.22 C222 On az 


Stomach x 0.23 Orig 0.14 0.09 0.06 0.06 
SD 0.04 0.04 0.05 0.04 0.02 0.01 


Tumor X 2.42 1.41 2.14 Tito 0.94 1536 
SD 13:22 0.89 1.40 LePae 0.38 Pas 


nnn ee EEE EEE Un EE ENSURED 


Five animals per 15, 30 and 120 minute time periods. 
Six animals per 60, 90 and 180 minute time periods. 
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TABLE XX. Percent Dose of **Cl Incorporated per Gram Tissue 
of Lewis Lung Carcinoma Bearing BDF, Mice after 
Injection Of 2'-[?*C1]-Chloro-2'-deoxyuridine. 
Time in minutes 
15 30 60 90 120 180 
Blood X 2200) | ale2etwagie Ole kOe Gomi 70n646), «0736 
SD 0.26 0222 0.40 Onze 0.06 0.09 
Liver x 20530) UL 38 bl non (On69wee0.32.) (0.41 
SD 0.67 0223 0.47 Of21 O17. 0.07 
Spleen XK 145026 W1A008 8.83 6.05 4.28 3.82 
SD 3.08 2.49 2.68 ins3 1.09 1.26 
Kidney X 6.76 4.01 3.08 1.89 f30 1.60 
SD Ons 0.56 1233 0.50 Ore 2 1.34 
GIT x PG yu t2 00 MEumeIe OST) el O2mame Os O59. 1-20.82 
SD 0.36 Sips 1.04 0.20 0.15 0.38 
Stomach X 1.959. 61 OMe On9om 10.74.5650. 4509 20248 
SD 0.29 0.20 0832 0.29 0.08 0.16 
Tumor X G37) 3896.) 21668) 1: 9958 Ol. 87) 1 al 94 
SD 1913 0.87 0.95 0.65 0.47 1.49 


Five animals per 15, 30 and 120 minute time periods. 


Six animals per 60, 90 and 180 minute time periods. 
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This is illustrated in Figure 10 in which the spleen, tumor and kidney 
tissue : blood ratios increased during the first hour after injection 
and remained high for the duration of the experiment. 

Chromatographic analysis of the urinary contents of the bladder 
and determination of the total amount of radioactivity present in the 
bladder at each time period allowed the extent of metabolism of 2'- 
[?°C1]-ClUdR and its urinary profile to be estimated (Table XXI). Most 
of the injected radioactive dose (69.7%) was recovered in the urine 


within 3 hours post injection. Catabolism of 2'-[?°C1]-C1UdR occurred 


TABLE XXI. Urinary Excretion Analysis After Intravenous Injection of 
2'-[°°C1]-Chloro-2'-deoxyuridine into Male BDFi Mice 
Bearing a Lewis Lung Carcinoma (n=6). 


Proportion? (%) of urinary radio- 


% of Injected activity associated with: 


Dose Recovered 


Time (min) in Urine* Chloride 2'-ClUdR = Unidentified 
Post Injection xeLoSD Xet SD Mees) XELGSD 
15 Wir (Bea dale Dob) 2 Pdi 95.0+2.9 2.52350 
30 ST eel 6.54259 88.1+4.4 ees 
60 42.7 £30.4 Bet iN 92.0+4.8 5524.2 
90 bores 1827 Se tiles 90.8+3.4 6.0+3.4 
120 56. citid2.9 8.6+4.0 84.44+5.3 7.044.5 
180  69.7+10.6 4.8+5.0 85.3+6.0 9.7£5.5 


Includes the urinary bladder and contents removed from each mouse 
during dissection and therefore represents the total radioactivity 
excreted into the urine during the time period in question minus 
urinary activity lost to the environment before sacrifice. 


— 
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2. Proportions determined by silica gel tlc analysis of the urine. 
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Time in Minutes 


Tissue : Blood Ratios in BDF, Mice Bearing Lewis Lung 
Carcinomas After Injection of 2'-[?°C1]-Chloro-2'- 
deoxyuridine. 


Figure 10. 
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Slowly as was evident from the 3 hour urinary analysis which indicated 
that 85% of the excreted radioactivity was still associated with 
unmetabolized 2'-C1UdR. Further analysis of the data was limited as 

it could not be assumed that the urine collected represented the total 
amount formed during the time period. The values presented, therefore, 
underestimate the true rate of urinary excretion. With this in mind it 
is evident that 2'-[°°C1]-C1UdR was rapidly excreted unchanged in the 
urine since at least 69% of the injected dose was found in the urine 

3 hours post injection and that 85% of this radioactivity was still 
associated with 2'-CTUdR. 

In contrast to 6-[3H]-2'-FUdR, the injected dose of 2'-[?°C1]-C1UdR 
(1.37 umol per mouse) may have saturated the metabolic capacity of the 
mouse liver. The capacity of the rat liver to clear uridine on the 
first pass from the circulation is approximately 73% at concentrations 


172. However, a 


(50 uM) many times greater than physiological levels 
bolus injection of 1.37 pmol 2'-[?°C1]-C1IUdR would result in an initial 
molar concentration far greater than 50 uM (approximately 850 uM 
assuming blood volume is 6.5%"’’ of a 25 g mouse). If one assumes that 
the mouse liver capacity for uridine was similar to that for the rat, 
the clearance of 2'-[?°C1]-C1UdR from the blood would probably be less 
than 70% efficient. The low extraction efficiency would be consistent 
with the low concentration of °°Cl activity in the liver and the rapid 
excretion of unchanged 2'-[?°C1]-C1UdR in the urine. The low rate of 
metabolism of 2'-[°°C1]-CIUdR would allow the other tissues such as the 


spleen and tumor an opportunity to incorporate 2'-[°°C1]-C1UdR. An 


analysis of the acid soluble fraction of the spleen, tumor and kidneys 
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for phosphorylated metabolites would be necessary to determine whether 
these tissues had accumulated the °*°Cl by metabolic trapping of 2'- 
[2°C1]-C1UdR. The °°Cl activity in the kidneys could have been a 
reflection of the urinary excretion of 2'-[°°C1]-C1UdR and its 


metabolites. 


4. Tissue Distribution of 2'-[1*71I]-2'-Iodo-2'-deoxyuridine 


The tissue distribution of 2'-[1??I]-IUdR (2.35 pmol per rat) was 
studied using male Wistar rats bearing intramuscular Walker 256 carcinomas 
as the tumor model. Uptake of 2'-[?*?I]-IUdR by the various esis was 
very low. The blood, liver, spleen, kidney and thyroid accumulated the 
most radioactivity of the tissues examined 15 minutes after injection 
(Table XXII). The injected radioactivity was rapidly cleared from the 
blood which accounted for only 2% of the injected dose after 15 minutes. 
However the concentration of radioactivity in the blood remained at this 
level up to 8 hours post injection whereas the other tissues exhibited 
a gradual decrease in radioactivity level as a function of time. This 
was indicated by the general trend of decreasing tissue: blood levels 
as a function of time (Table XXIII). The skin and stomach were the 
only tissues to demonstrate consistently high tissue: blood ratios 
during the course of the experiment. This probably reflected uptake 
of free radioiodide released from 2'-[**°I]-IUdR in vivo. 

Chromatographic analysis of the urine indicated that excretion of 
unchanged 2'-[12°I]-IUdR accounted for most of the early post injection 
radioactivity with 39% of the injected dose excreted as 2'-[**°I]-IUdR 


within 7 hours (Table XXIV). The balance of the urinary radioactivity 
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TABLE XXII. Percent Dose of *?°I Incorporated per Whole Organ 
of Walker 256 Carcinosarcoma Bearing Wistar Rats 
after Injection of 2'-[??3I]-Iodo-2'-deoxyuridine. 


Time in minutes 


Tissue 15 30 60 120 240 480 960 1560 
Blood X Dei O (P plch2,. WeeeeL Coe Ee aZG ee! 0..212;,0.2097 
Liver Re ah LO Soe 7.01 4.21 NaS! 52° 0.103" 0.072 
Spleen X PeO9:> 12367) 01.008 05522 30-23" 0.13: ° 02007 §.0..005 
Kidney X Paz Lies 0.50" 10.46 6 0.24. 0-17. 0-010) 0.005 
Tumor X O22" 0.5508 0135 peo. 0 un Oe) Oczey 0.015" 02,008 


Thyroid X Lael 0.56 0.41 O23) 207i Orlz 0.005; 40.002 
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TABLE XXIII. Tissue:Blood Ratios of Various Tissues in Walker 256 
Carcinosarcoma Bearing Wistar Rats after Injection 
of 2'-[2231]-2'-Iodo-2'-deoxyuridine (n=3). 


Time in minutes 


Tissue 15 30 60 120 240 480 960 1560 
a 
Liver X70 UO Wee 62456, 4568. 2515s 1.462) B072 90:54 4 4.11 

CD02 400e 1237 bole 50tes0 5 7460.56). 202067, 40:06. 0.36 


Spiteenu yr) 9555 09.068 9/202) 3.437) 2.04) 0785," 0261 _ 0.95 
SD 1.46 0.92 58 1.00 0.93 ©0205 0.16 G33 


Kidney % 9796. 7.25 4.46, 2.04 I-67) O64) "OT74r “0788 
SD peas d ee 0.84 0.65 0.60 0.01 0.09 0-26 


Stomach  Xoom2.S/) 2: 3002. 49a0 2.4) Sle eS Ol Lely 2277 
SD ¥.0.54) 70.25" + 02.58 0822 35 Orie .4) Or6 ee! O12" (070 


GIT KX 8.46 ~4.62. 93.34 1.91 1343 0.83 0.74 0.90 
2E4GSa5 (On 7S enO+o2 ee O.40)  8On270) 0.12), (02067, 0 


Muscle xX 1.35 Te22 O90> s0n71 OS 7u On 225) 0.226) 50-36 
SD) 0209 0.09 FOT1i OxZ0en 0.09 mea2 0201 0.03 0218 


Tumor Kase 2e ) AS oo oan COM coe el tel. Ob) 12102 
SDe 70m! O59) 7.0280 50.179 te 1S gee O Ose 03200 0.26 


Thyroid X 11.96. 6.95 4.76 2.12 1.40 0.78 0.74 0.73 
Spe 1968e' 0lgg 81287 PeOkal Wy ‘ONGSe POL07 MeORIB) LO738 
Skin x Reg 1A VGRLIOSE INE. SSaIY1TEG20" Terstr tied ed 13590 
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TABLE XXIV. Whole Body Elimination and Urinary Excretion Analysis After 
Intravenous Injection of 2'-[12°1]-Iodo-2'-deoxyuridine 
into Male Wistar Rats Bearing a Walker 256 Carcinosarcoma 


(n=3). 
Proportion (%) of urinary radio- 
Perrotta activity associated with:? 
Time (min) Dose Excreted* 2'-IUdR Iodide Unidentified 
Post Injection xe SD PLSD ets 1SD cra SD 
30 1 opel! ais a7 (ICOPEEOLOW es LOC ORS Occe 4.0 to s4 
60 CORTES 7 Scat hose os cmt aoe Gee 4h es 
120 Ostia 8 Of) 73.05 aves: Neg 
240 SOecute/) 9 36.6°* Gea 2.4 
420 (126-254 fore 65.3 Loy 
960 86.9 + 3.7 - - $18 
1500 S02 3at42ec ~ - ~ 


1. Cumulative excretion of radioactivity from the whole body calculated 
as 100-fraction remaining in the body at each time period. 


2. Determined by silica gel tlc analysis of the urine collected after 
induction of micturition at each time interval. 


Seen =rc 
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was attributable to radioiodide and possibly other polar metabolites 
retaining the **°I moiety. Qualitative analysis of the urine radio- 
chromatograms using the Berthold tlc scanner indicated that the majority 
of the urinary radioactivity was associated with two distinct peaks 
corresponding to 2'-IUdR and iodide. Seventy-two percent of the total 
dose was excreted within 7 hours and 90% was excreted within 25 hours 


after injection. 
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The whole body elimination of *2°I as a function of time after the 
injection of 2'-[*?°I]-IUdR is compared (Figure 11) with the elimination 
profile of *7°I after injection of sodium iodide-123. The excretion 
profile of 2'-[**°I]-IUdR could not be resolved as a simple bi-exponen- 
tial, in contrast to the two-compartment model calculated for the 
elimination of 2'-[°*Br]-BrUdR*®*. The complex elimination profile 
was due in part to the degradation of 2'-[**3I]-IUdR to radioiodide. 
Iodide also has a complex elimination profile due to the diversity of 
its metabolism, including active incorporation by the thyroid, stomach 
and skin of the rat?7!. The excretion profile of Na?2°I was similar to 
those reported by others?®?. 

The relative tissue concentrations of *?°I following injection 
of 2'-[**3I]-IUdR indicated that the tumor did not reach a sufficient 
tumor : background tissue ratio to allow tumor imaging. This was also 
evident from the gamma ray camera studies (Plate 1) in which the only 
distinguishable features were the liver and urinary bladder. The 
uptake of **3I into the tumor leg versus the control leg was compared 
by computer analysis of the gamma-camera image recorded after injection 
of 2'-[17%I]-IUdR (Plate 2). The activity versus time profile (Plate 
2A) plotted over the initial 24 minutes after injection of 2'-[**?I]- 
IUdR indicated that the concentration of **°I in the tumor leg remained 
constant during the same time period for which the **3I activity in the 
control leg showed a steady decline. This suggested that some of the 
1237 in the tumor may have been trapped (perhaps metabolically) while 
the control muscle *2°I activity may have been due primarily to blood 
perfusion. The histogram (Plate 2B) also indicated that the level of 


123T activity in the tumor leg was greater than that in the control leg, 
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Figure 1l. 
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Whole Body Radioactivity Profile After Intravenous 


Injection of 2'-[*7%I]-IUdR or **3I-NaI in Wistar Rats. 
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30 minutes after injection of 2'-[*?°I]-IUdR. The difference in uptake 
between the tumor and the muscle detected by the gamma-camera was not 
as great as the tumor: muscle ratios calculated from the tissue 
distribution data (15 min=2.6 and 30 min=3.3). Delineation of the 
tumor was poor with 2'-[**3I]-IUdR (Plates 1 and 2B). 

Substitution of the 2'-hydroxyl influences the conformation assumed 
by nucleoside analogues but it is difficult to predict what the effect 
of a given substituent would be. The furanose ring conformation exists 
in a dynamic equilibrium between two pucker conformations in which either 
the C-2'(S) or the C-3'(N) atom is furthest away from the plane of the 
other atoms of the ribose ring?®%>s7°*. The unsubstituted ribosides 
favor a conformational equilibrium approximately 50% N and 50% S while 
the deoxynucleosides favor a predominantly S equilibrium?®°. The effect 
which the C-2' or C-3' substituent has on the conformational equilibria 
of nucleoside analogues has been attributed to steric repulsion, electro- 
static interactions (substituent electronegativity and polarity), hydrogen 
bonding and other factors?®®. None of these factors alone completely 
accounts for the conformational preferences assumed by the analogues 
studied? 7 »426., 

Fluorine has a van der Waals radius (1.35 A) between that of 
hydrogen (1.20 A) and oxygen (1.40 A) but is more electronegative than 
either functional group (F =4.0, 0=3.5, H=2.1). Chlorine (1.80 A) 
is larger than oxygen but is less electronegative (3.0) while bromine 
(1.95 A) and iodine (2.16 A) are larger than oxygen and compare more 
favorably with the methyl group (2.0 A) in both size and electro- 


negativity: (Br = 2283 sb= 2740and CA,(=2.5)"2 72 
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The data presented by Cushley et al.** and Guschelbauer and 
Jankowski’’ indicated that the conformational equilibria (relative 
contributions of the N and S states as determined by the Jit j2' coupling 
constants) of 2'-IUdR, 2'-BrUdR and 2'-C1UdR was between the conforma- 
tional equilibria favored by uridine and 2'-deoxyuridine. The 
conformational equilibrium assumed by 2'-FUdR favored the N state to 
a greater extent than that observed for uridine. The 2'-halogenated 
deoxyuridine analogues are therefore considered to be analogues of 
uridine rather than 2'-deoxyuridine. 

The rapid blood clearance and high liver radioactivity after 
injection of 2'-[+?°I]-IUdR and 6-[2H]-2'-FUdR was qualitatively 
similar to the profile presented by 5-[2H]-uridine?®°. Unlike uridine, 
2'-[**°I]-IUdR and 2'-[°°C1]-C1UdR were not rapidly metabolized and 
large proportions of the early urinary radioactivity was due to unchanged 
nucleoside (2'-[1?7°I]-IUdR = 73.6% after 2 hours and 2'-[2°C1]-C1UdR = 
85.3% after 3 hours). The rapid clearance and constant decrease of °°C1 
activity from the blood was in contrast to the kinetics of 6-[3H]-2'-FUdR 
and 2'-[**?I]-IUdR in the blood stream. Caution must be exercised when 
comparing the tissue distribution of 2'-[°°C1]-C1UdR to 6-[3H]-2'-FUdR 
and 2'-[/?°I]-IUdR since the former was studied in a mouse model and the 
latter in a rat model. Differences in size and metabolism must be 
considered as factors in any observed differences. After this work 
was completed, it was learned that cultured Walker 256 carcinosarcoma 
cells lack NBMPR binding sites, which suggests that these cells have 
either an atypical or an uncharacterized nucleoside transport mechanism’®®. 
Therefore, the low tumor uptake of 6-[3H]-2'-FUdR and 2'-[??°I]-IUdR 


observed for the rat Walker 256 carcinosarcoma may not be characteristic 
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of the analogues but rather characteristic of the tumor. This suggests 
that other tumor models should be tested before the analogues are 
considered unsuitable. In addition, 2'-FUdR should be tested with 

a *8F label since the distribution of radioactivity after indection of 
2'-FUdR analogues labelled with °H or 7*C in the base would be different 
than the distribution of °F activity. 

The value of a tumor delineating agent is determined by its degree 
of tumor specificity, which is a function of the absolute amount of 
radioactivity in the tumor and the ratio between the radioactivity in 
the tumor and the blood and surrounding tissues. Both of these para- 
meters are dynamic, changing with time after injection. In order to 
compare the relative utility of tumor localizing agents, it has been 
suggested that a tumor index be applied which would consider the effect 
of the changing concentration of radioactivity in the tumor and in the 
background. The tumor index proposed by Emrich et al.**°® is calculated 
as the tumor uptake (percent injected dose incorporated per gram tumor) 
multiplied by the tumor: blood ratio. Blood represents a ubiquitous 
background value, but other more specific background tissues for 
specific tumors have been used. The tumor indices for the nucleoside 
and base analogues tested, using whole blood as the background tissue, 
are given in Table XXV. In terms of tumor index, 2'-[°°C1]-C1UdR 
would be predicted to be the best tumor imaging agent of the nucleosides 
in the series. The index also predicts that the best time for imaging 
would be between 15 and 30 minutes, which is well within the effective 
half-life of **"C] labelled 2'-C1UdR. The comparison between 2'-C1UdR 


and the other analogues must take into consideration the differences 
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in specific activity and tumor models used for these studies, as 


discussed previously. 


TABLE XXV.-- Tumor Index? in Relation 


Radiopharma- 
ceutical 15 
6-[77°1J-IU 0.18 


6-[3H]-2'-FUdR 0.31 
2'-[°®C1]-CIUdR 9.60 
2'-[??31]-IUdR P90 


1. Tumor indices calculated as proposed by Emrich et 
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2.96 


to Time After Administration. 


Time after administration (min) 
90 120 180 240 360 480 


= 0.18 - 0.09 - 0.03 

= 0.12 - O40 70.25 - 
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A summary of the experimental results is presented in Table XXVI 
a-c. The recovery of anhydrous hydrogen fluoride-18 for the synthesis 
of 2'-[*°F]-FUdR was most successful when the *°Ne(d,a)+°F nuclear 
reaction was used. Carrier anhydrous hydrogen fluoride was required 
to recover appreciable yields of *°F with the result that the specific 
activity of the *®F recovered was low. The chemical and radiochemical 
yields obtained did not provide sufficient 2'-[*°F]-FUdR for tissue 
distribution studies. 

The ?*S(p,n)?*™C1 nuclear reaction provided the best compromise 
between radiochemical yield and specific activity for the production 
of **Mc]. The 32*"c1 could be recovered from the target gas and 2'- 
C3*™c1]-C1UdR could be synthesized within two half-lives of ?"%c1. 

The short time required for the preparation of 2'-[°*"C1]-C1UdR would 
allow sufficient time for use of 2'-[°*"C1]-C1UdR as a tumor imaging 
agent. The yield of ?*"C1 could have been increased further through 
the use of an enriched °"*S target material. Hydrogen sulfide was not 
an ideal target material due to the production of elemental sulfur 
during irradiation. The use of a solid target could perhaps obviate 
the problems associated with a gaseous H,S target, thereby giving an 
increased recovery of °*"C1 from the target material. 
2'-[1*3]I]-Iodo-2'-deoxyuridine was synthesized in high yield in 
the presence of a small amount of carrier iodide. No-carrier-added 
2'-[1+23I]-IUdR was synthesized in low radiochemical yield. The 
presence of sodium hydroxide or sodium chloride in the reaction 
mixture interfered with the synthesis of radioiodinated 2'-IUdR. 
6-[+2°1]-Iodouracil was readily synthesized by iodide-123 exchange 


on 6-chlorouracil in the presence of carrier iodide. The yield of 
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6-[**?1]-iodouracil was dependent upon the iodide concentration which 
limited the product specific activity. No-carrier-added 6-[1+7°I]- 
jodouracil could not be synthesized by this method. 

The tissue distribution data for 2'-[12°1]-IUdR, 6-[2H]-2'-FUdR 
and 6-[**%I]-iodouracil in the Walker 256 carcinosarcoma tumor model 
indicated that the low tumor uptake of radioactivity and the high 
blood and background radioactivity would preclude the use of these 
agents for tumor imaging. The tissue distribution studies for 2'-[?°C1]- 
CIUdR in the Lewis Lung carcinoma tumor model indicated higher tumor 
uptake and lower background radioactivity for 2'-[36C1]-C1UdR than 
observed for the other analogues. 

More than one tumor model should be used to evaluate radiolabelled 
nucleosides for tumor imaging before definitive conclusions regarding 
their applicability are drawn. This conclusion is based upon the 
observed differences in the uptake patterns of the labelled compounds 
by the Walker 256 and the Lewis Lung tumor models. It has also 
recently been suggested that cultured Walker 256 carcinosarcoma cells 
lack NBMPR binding sites which indicates that these cells either do 
not transport nucleosides or transport them via an undemonstrated 
transport mechanism. Therefore, tumor models which demonstrate more 
typical nucleoside transport capabilities than the Walker 256 model 
may be more suitable for evaluating nucleoside analogues as potential 


tumor imaging agents. 
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TABLE XXVIa. Summary of Results: Radionuclide Production. 


Product Nuclear Target Recovery Recovery 
Reaction Material Conditions [Ale 
18P 2°Ne(d,q)?°F Neon 18F eluted from 5427 


target with normal 
saline and distilled 
from conc. H2SQO,. 


aor PeNe (ds) “°F Neon 18F eluted from 69.0 
target with 
anhydrous HF. 


oC 1 mop.) “MC! H2S 34MC) removed from 14.4 
target gas on anion 
exchange resin. 


2, Values obtained under optimum conditions. 
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TABLE XXVIb. Summary of Results: Radiochemical Synthesis. 
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Product Molar Ratio Time Temp Yield 

halide:substrate min G vA 

6- [3*C1]-Chlorouracil ies 31 152 Tiel 
6- [2231] -Iodouracil Ts0 118 150 55.4 
6- [3H] -2,2'-Cyclouridine = 16 153 Sony 
2'-[1°F]-FUGR 49.0 61 185 0.4 
go Cll -cllar 1.0 30 163 29.8 
2) =| 2 **C1)/-¢ 10dR it 10 140 36.0 
9'-[2227]-1uaR 0.5 25 135 84.0 
2) (4 4aT a 1udR NCA 15 133 2120 
22-72 1) =1UdR abe 16 148 47.0 
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TABLE XXVIc. Summary of Results: Tissue Distribution. 


Analogue Tumor Uptake Tumor :Blood Emrich Tumor 

eo; eOfgan: Ratio? Ratio? 
(min) 2 (min) 2 (min) ? 

6- [2231]-Iodouracil Leos 0.86 0223 
C15) (240) (60) 

6- [3H] -2'-FUdR 0.41 1.00 0.31 
(15) (15) (15) 

2'-[2*C1]-C1UdR DEG2 5.58 12572 
(30) (180) (30) 

2'—{2237]-IUdR 0255 4535 2.99 
(30) (60) (30) 


1. Maximum values observed. 
2, Time after injection. 
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